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Abstract
Cells in vivo are surrounded by a fibrous matrix of proteins and macromolecules called the
extracellular matrix (ECM), of which type I collagen is the major constituent. During tissue
development or cell-matrix interactions, collagen fibers organize into aligned domains with
defined degrees of alignment and directionality. Aligned fibers guide stem cell differentiation
and influence cell-cell communication and cell motility. In the tumor microenvironment,
aligned fibers guide tumor cell invasion and have been linked to poor patient outcomes.
Since fiber alignment instructs cell behavior in vivo, there is a need for in vitro models to
replicate fiber alignment and thus provide a relevant microenvironment for cells. Microfluidic
systems have been established as advanced cell culture platforms to provide precise control
over soluble factor concentration, cell patterning, and fluid flow. However, controlling the
fiber alignment of a 3D material within them has remained a challenge.
This work addresses existing technological challenges to integrate 3D collagen matrices
with aligned fibers into microfluidic platforms. To do so, this work i) Demonstrates for
the first time that extensional flows can align 3D collagen matrices (250µm thick) in a microchannel, ii) Develops modular microfluidic platforms with capabilities to directly access
and perfuse 3D collagen, and iii) Develops biofabrication capabilities to create interfaces
between different ECM materials in 3D, and create tissue barriers using ultrathin nanomembranes. It is anticipated that the novel ECM microengineering capabilities and approach to
integrating the engineered matrices into microfluidic devices will provide a path to develop
tissue-specific in vitro models with engineered matrices.

1

Chapter 1
Introduction
Parts of this chapter published in Ahmed, A. et al. Engineering fiber anisotropy within natural collagen hydrogels. en. American Journal of Physiology-Cell Physiology 320, C1112–
C1124. issn: 0363-6143, 1522-1563. https://journals.physiology.org/doi/10.1152/
ajpcell.00036.2021 (2021) (June 2021)

1.1

Background

In native tissues, cells are supported by a network of protein fibers called the extracellular
matrix (ECM). The ECM is composed primarily of Collagen I (COL1) fibers along with
proteins and macromolecules, including fibronectin, laminin, hyaluronic acid, and proteoglycans[2]. The orientation of collagen fibers in the ECM is a defining feature of several tissues,
primarily load-bearing tissues, the tumor microenvironment, and fibrotic tissue. During tissue development, collagen fibers in load-bearing tissues such as the musculoskeletal tissues
and the cornea align along the principal direction of loading to provide structural integrity
to the tissue whereas randomly oriented collagen fibers in tissue stroma around tumors such
as pancreatic cancers or invasive breast cancer are reorganized into aligned domains due to
biophysical cell-ECM interactions[3–5]. These aligned fibers guide tumor cell invasion from
the tumor mass and promote tumor angiogenesis[5–7]. Conversely, the loss of alignment in
the cardiac tissue has been observed in patients with cardiac myopathies[8, 9]. Since aligned
collagen fibers are ubiquitous in vivo and they influence cellular behavior, there is a need to
replicate 3D aligned microenvironments in vitro to study cell behavior accurately.
Microfluidics-based, advanced cell culture platforms have been widely used to recapitulate the cellular microenvironment including chemical factor concentrations, cell patterning,
and tissue barriers[10–12]. However, current techniques to introduce collagen hydrogels into
microfluidic systems offer limited capabilities to replicate the ordered fiber organization that
is observed in-vivo. Additionally, the introduction of 3D hydrogels into current microfluidic
platforms suffers from added complexity in devices and limitations of size, further limit2

ing the widespread adoption of microfluidic devices for 3D cell culture. Therefore, a new
class of microfluidic platforms that can effectively combine precise control over fiber organization while maintaining current functionalities would enable the path to more accurately
replicating the cellular microenvironment.
To overcome these limitations, this work for the first time demonstrates the application
of extensional flow to a) independently control the fiber alignment and fiber direction of selfassembling collagen hydrogel in a microfluidic platform, and b) generate defined segments
of long-range fiber alignment in 3D ( 250µm thick) collagen hydrogels. Next, a modular approach to fabricate and use microfluidic platforms is introduced to provide flexibility
in capabilities and simplify experimental workflows. The advantage of these technological
advances is demonstrated by integrating ultrathin microporous membranes alongside 3D ordered hydrogels to create tissue barriers, demonstrating 3D ECM biofabrication capabilities
in the microfluidic platform, and 3D co-culture capabilities. Thus, it is anticipated that this
work will in the future enable the development of in vitro models that can provide precise
control over both the biophysical and biochemical microenvironment.

3

1.2

Collagen fiber alignment in vivo

Collagen is the primary fibrous component of the ECM, and makes up to 30% of the protein
mass in the body [13, 14]. During tissue development, collagen is secreted by fibroblasts in
the stroma and is further reorganized by dynamic, reciprocal interactions between various
cells and the microenvironment. To gain control over the organization of collagen fibrils in
vitro , it is important to understand the molecular structure of collagen fibers.

1.2.1

The molecular structure of collagen

Figure 1.1: Schematic showing the steps involved in the formation of a collagen fibril, in vivo
.
The smallest sub-unit of collagen is a right-handed triple helix which is referred to as
tropocollagen. Tropocollagen is composed of three α-chains wound around to generate a
right-handed triple helix[14]. Each α chain backbone has a repeating sequence of gly-X-Y
where X and Y are frequently occupied by proline and hydroxyproline. Since Glycine is the
smallest amino acid observed in nature, it is able to fit in between proline and hydroxyproline
to form hydrogen bonds with neighboring α chains. Tropocollagen molecules further selfassemble in vivo and bond using aldol crosslinks to form a collagen fibril, which bundle
together to form collagen fibers[14].
in vivo , a collagen precursor known as procollagen is secreted by fibroblasts, seen in Figure 1.1. Procollagen consists of a tropocollagen triple helix, flanked by globular propeptide
chains at the N- and C- terminus. The globular N- and C- peptides occupy a large space
4

around the molecules and prevent self-assembly into fibrils. Upon secretion of procollagen
into the extracellular space, membrane bound enzymes known as propeptidases cleave the
N- and C- propeptides and expose the telo-peptide regions of the tropocollagen molecules,
and at this point the molecule may be referred to as telo-collagen. The exposed telo-peptides
make the collagen molecule bipolar and they also contain residues that can covalently bond
with neighboring collagen molecules to form a fibril. Further, lysyl oxidase (LOX) acts on
lysine and hydroxylysine residues in the tropocollagen to generate cross-linked collagen fibrils
which subsequently self-assemble into collagen fibers [15–17].

1.2.2

Collagen fiber alignment during tissue development

In native tissue, collagen fibers are organized into distinct orientations and microstructures.
The higher order organization of collagen fibers occurs during i) tissue development and ii)
during cell - matrix interactions.
During tissue development, fibroblasts play the most active role in driving collagen fiber
alignment. Cytoskeletal projections known as fibripositors deposit thin collagen fibrils in the
extracellular space and the fibripositors exert control over the assembly of fibrils into fibers
and larger bundles or lamellae. Fibroblasts thus physically position and align collagen fibers
in the ECM [18–21]. In addition, the high concentration of macromolecules and proteins
in the extracellular space results in molecular crowding, a condition under which collagen
has been shown to display liquid crystal like behavior. The liquid crystal theory posits that
at high concentrations, collagen molecules can self-organize into highly aligned domains as
observed in the cornea [22].

1.2.3

Collagen fiber alignment due to cell-matrix interactions

Collagen rich environments such as tissue stroma may display bundles of collagen that are
randomly oriented. However, in tumors such as invasive ductal carcinoma and pancreatic
cancers, tumor cells on the periphery of the tumor mass remodel the collagen rich ECM
in the stroma by applying traction forces[5, 23]. In the initial stages of the tumor, cancer
associated fibroblasts increase collagen deposition in the tumor microenvironment. As the
tumor continues to grow, invasive tumor epithelial cells begin to apply traction forces on
the collagen fibers in the stroma and reorient them perpendicular to the tumor mass. The
reoriented collagen fibers serve as a contact guidance cue to promote tumor invasion into
the stroma[24, 25]. The aligned fibers promote persistent, directional cell migration by
providing energetically favorable paths for migration and limiting cellular protrusions in
direction orthogonal to fiber alignment[26, 27]. Tumor cells utilize aligned collagen fibers
to migrate towards the vasculature from where they can metastasize to distant sites. In
5

addition, endothelial cells are guided by the aligned collagen fibers to vascularize the tumor
and promote tumor angiogenesis [28]. The degree and direction of fiber alignment in the
tumor stroma has been identified as a marker of tumor progression and is also a clinical
marker of patient survival[29]. In the TME, aligned fibers also promote immune exclusion
and guide immune cell motility[30–32], thereby contributing to the overall tumor progression.
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1.3

Methods to Create Aligned Collagen Matrices

Given the ubiquitous nature of collagen I in the ECM and the physiological importance of
fiber orientation, significant efforts have focused on creating collagen I hydrogels with defined
fiber microarchitecture.
Acid solubilized collagen that is extracted from a variety of species, including rat, porcine,
bovine, and human, can be commercially purchased. Collagen I molecules self-assemble under entropic control when the Collagen I solution is neutralized and placed under an elevated
temperature (typically > 25°C). Collagen self-assembly extends across several length scales
from nanoscale fibril formation, to microscale fibril packing, to macroscale fiber formation
[33–35]. Fiber properties including length and thickness are sensitive to solution pH, temperature, and ionic strength [36–39], while the bulk mechanical properties are a function
of collagen I concentration and the degree of cross-linking in the gel. Based on the extensive flexibility in the parameter space, natural collagen I is a popular choice to mimic ECM
properties in cell-based studies.
Methods to control COL1 fiber alignment can be divided into two general categories: 1)
Top-down approaches that apply strain to pre-formed collagen I hydrogels and 2) bottom-up
approaches that apply strain to Collagen I solutions. These methods are summarized in
Figure 1.2. A short description of several common experimental approaches follows.

Figure 1.2: This table provides as overview of commonly used alignment methods for collagen
I hydrogels.
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Figure 1.3: Schematic showing the remodeling of a fully formed collagen hydrogel by the
application of mechanical force

1.3.1

Top Down Approaches to Align Collagen in vitro

Cell-Induced Alignment
Cells in vivo have been observed to remodel the surrounding ECM to display anisotropic fiber
arrangement. The remodeling of fibers by cells has been attributed to cell induced strains and
directional deposition of collagen precursors in vivo [20, 40–43]. This ability of fibroblasts to
remodel collagen fibers into anisotropic arrangements has been exploited to create aligned
fibers in vitro, using a top-down approach. For example, Ray et al. demonstrated that
a rectangular collagen gel that was restrained by anchoring it to polyethylene spacers was
remodeled by murine mammary tumor fibroblasts over a period of 2 days to create anisotropic
collagen I fibers through lateral compaction [23]. The resulting anisotropic matrix was then
decellularized using a lysing solution of Triton X-100, EDTA, and tris-HCl. Migrating breast
cancer cells (MDA-MB-231) were found to exhibit increased directionality, persistence, and
speed along the direction of fiber alignment. In addition to remodeling prefabricated collagen
gels, the ECM deposited by fibroblasts has also been used to create substrates for engineered
corneal stroma [44]. Fibroblast deposited collagen has also been lifted off the surface on which
it is deposited by using temperature-sensitive coatings and cross linkers [45, 46].
Although cell-based techniques have been popular for tissue engineering applications and
have resulted in anisotropic collagen I, they cannot precisely control the degree of anisotropy
and require multistage processing steps. To overcome these limitations, alternative top-down
strategies have been developed to apply strain directly to collagen gels.
Mechanical Strain Applied to Preformed Collagen I Hydrogels
[h]
Fiber anisotropy has also been achieved in collagen I hydrogels through the application
of external (non cell induced) strain[47]. Collagen I hydrogels (0.5–4 mg mL−1 ) were allowed
to self-assemble in a glass-bottomed dish (20 mm in diameter and up to 2 mm in height).
After collagen self-assembly, two needles were inserted 1 cm apart as shown in Figure 1.3
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and were moved apart at linear velocities ranging from 0.125 to 12.5 mms−1 , corresponding
to strain rates of 2.5 × 10−5 to 2.5 × 10−3 s−1 . These strain rates were similar to values found
with in vivo fibroblast-induced remodeling [48]. This technique was also adapted to create
anisotropic collagen substrates for guiding neuronal growth and extension [49]. Cyclic strain
to align collagen I fibers was also demonstrated in a later study by Nam et al. [50], who
tested the effect of strain frequency, the duration of strain, and the amount of strain, on
collagen fiber alignment.

1.3.2

Bottom up Methods to Align Collagen Fibers

Bottom up methods manipulate a self-assembling collagen hydrogel to promote directional
fiber growth.
Mechanical Strain Applied to Self-Assembling Collagen Solutions
Fiber anisotropy has also been achieved by applying direct mechanical strain to collagen I in
the solution phase through a carrier substrate. Manipulation of the collagen solution can be
seen as a “bottom-up” approach to generating anisotropy. Kim et al. developed an anisotropic
collagen I network by depositing a neutralized collagen I solution at a concentration of 2.5
mg mL−1 onto a prestrained sheet of polydopamine-coated polydimethylsiloxane (PDMS).
The elastomeric PDMS sheet and collagen I solution were maintained in the strained position
for 30 min (i.e., holding time) at room temperature and self-assembly was completed in the
relaxed (zero strain) position at 37 ◦ C. The resulting fibers were oriented perpendicular to the
direction of strain. The functionalized PDMS sheet could be either stretched or compressed
before collagen solution deposition to induce anisotropy along either axis. As the aligned
collagen hydrogel was directly created on a PDMS sheet, the authors integrated microfluidic
guidance channels loaded with cells directly into the PDMS-supported collagen I hydrogel to
create a 3-D in vitro model of a mouse hippocampal neural network [51]. A similar technique
was used to create a collagen I hydrogel with varying degrees of anisotropy to establish 3-D
vascular networks [28]. Endothelial cells responded to anisotropic fibers by forming longer
microvessels and more lumens compared to non-strained isotropic controls.
The direct application of mechanical strain in both top-down and bottom-up approaches
is a simple and relatively quick method to introduce anisotropy into collagen I hydrogels.
The degree of fiber alignment can be directly controlled as a function of the strain applied
to the gel or precursor solution. Collagen I fabricated by the application of direct strain
creates uniform alignment throughout the entire hydrogel and is well-suited for applications
that study cell motility [25], and alignment[49]. The resulting anisotropic hydrogels are
also fabricated in an open format and can be directly used in cell culture applications.
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Figure 1.4: Schematic depiction of collagen fibers aligned due to the motion of magnetic
beads included in a self-assembling collagen solution
One disadvantage is that preformed collagen I hydrogels and collagen I solutions come into
direct contact with external components such as actuators or needles that can introduce
contamination if particular care is not taken.
Mechanical Strain Induced by Magnetic Fields
Anisotropic collagen I fibers can be achieved through exposure to magnetic fields [52–54].
This method requires exceptionally high magnetic fields (as high as 12 T) and has not found
widespread use due to safety concerns around sensitive laboratory equipment. A more accessible magnetic technique was demonstrated by Guo and Kaufmann who incorporated surfacefunctionalized paramagnetic beads (1.5–2.5 mm in diameter) into a neutralized collagen I
solution, which was then pipetted into a cavity. The solution was allowed to self-assemble
next to a small magnet with a 2G magnetic field, as depicted in Figure 1.4. The motion
of the paramagnetic beads along the magnetic field gradient applied local strain to the selfassembling solution and created fiber anisotropy in collagen gels with concentrations ranging
from 1 to 3 mg mL−1 [55]. In another study, anisotropy was created in hydrogels up to 3
mg mL−1 using 100-nm diameter beads and a larger magnetic field of 255 G [56]. Anisotropic
collagen I fabricated using the motion of magnetic beads has been extensively used to study
cancer cell migration in a tumor-mimetic microenvironment [26, 57]. The magnetic methods
described in this section are robust and can be easily implemented with minimal equipment
requirements (namely, paramagnetic beads and a small rare earth magnet) and are thus very
popular in practice.

1.3.3

Microfluidic Approaches to Control Collagen Fiber Alignment

The cellular microenvironment is combination of both biophysical and biochemical components, as shown in Figure 1.5. While mechanical methods are capable of generating 3D
collagen matrices with homogeneous fiber alignment, the resulting matrices are large (cen10

Figure 1.5: Schematic depiction of the biochemical and biophysical cellular microenvironment

Figure 1.6: Schematic of a multichannel microfluidic platform with ECM and spheroids
timeter scale), and provide limited control over soluble factor gradients, cell patterning,
co-culture, and perfusion. Additionally, fiber alignment in native tissue is not homogeneous,
but varies within and across tissue. To address these limitations, several techniques have
been described to align collagen fibers within microfluidic cell culture systems. Lee et al
first demonstrated fiber alignment in microchannels upto 40µm wide [58]. They injected a
neutralized collagen solution into microchannels of different widths using negative pressure
within the channel. Their work suggested that the degree of fiber alignment could be controlled as a function of channel width or the shear rate experienced by the collagen solution.
Other studies further validated their finding by showing that thin "mats" of collagen fibers
could be deposited on a substrate by allow a neutralized collagen solution to flow over the
substrate [59, 60]. While these channels offered some degree of control over the alignment
of collagen hydrogels, they did not offer a true 3D environment for cell-culture or provide
functionality to control soluble factor gradients or cell patterning.
More recently, relatively sophisticated microfluidic platforms that comprise of 3 or more
parallel channels have been introduced to integrate a 3D microenvironment into microfluidic
11

systems [61]. Multichannel microfluidic systems, shown in figure 1.6 have been used to
replicate a 3D tumor environment, along with cell-cell interactions and mechanical forces.
The channels are lithographically defined and fabricated with widths on the order of 100250µm with posts or pillars separating the channels by less than 100µm . In other designs,
the two side channels can be connected using bridge channels. The center channel can be
loaded with an ECM material such as collagen, fibrin, or HA along with the required tumor
cell types while the side channels can be used as media delivery channels or vascular mimics.
A monolayer of endothelial cells can be seeded on the periphery of the outer channels to
replicate the interaction of tumor cells with the vasculature[62]. The pillars allow the central
hydrogel to be held in place due to surface tension but also allow for cell-cell communication,
without the need for a membrane. Multichannel devices have been also been used to create
regions of aligned collagen using viscous fingering as demonstrated by Han et al. [63]; a
solution of neutralized type I collagen was withdrawn through a channel that was prefilled
with a solution of matrigel. The compressive forces from matrigel lead to collagen fiber
alignment in between the posts separating channels, and created regions with distinct degrees
of alignment. Multichannel devices overcome several limitations of single channel platforms
but these devices provide little control over the resulting fiber alignment.
Alternatively, using simple microfabrication methods, a channel lumen can be defined in
a collagen hydrogel. The collagen is polymerized around a needle or sacrificial material that
defines the lumen. During the polymerization process, cells can be added into the hydrogel
solution to replicate a specfic micrenvironment such as tumors to study paracrine signalling
effects. After complete polymerization, the sacrifical material is removed, leaving behind a
well defined lumen within the hydrogel that can be lined with an endothelial cell population
while being continuosly perfused. However, these platforms do not offer control over the
fiber organization of the resulting hydrogel.
Therefore, there is a need for new methods and platforms to i) gain control over collagen
fiber alignment and directionality, ii) integrate 3D collagen hydrogels with defined fiber
alignment within microfluidic systems, and iii) provide advanced cell culture functionality
within these systems.
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2.1

Introduction

In native tissue, the extracellular matrix (ECM) is a bioactive macromolecular network that
is structurally and compositionally heterogeneous. The ECM is dynamically remodeled in
response to biophysical and biochemical stimuli, [13] and these interactions induce the local
reorganization of type 1 structural collagen (COL1) fibers into aligned (e.g., anisotropic) fiber
domains with defined fiber orientation (e.g., directionality) [5, 65]. Here, we refer to fiber
anisotropy and directionality as components of the overall collagen landscape, which is known
to influence the motility of T-cells[31], guide endothelial cell alignment [66], regulate cell
differentiation [67], and direct the wound healing process [68]. Furthermore, in human biopsy
samples, the COL1 landscape at the tumor-stromal boundary can accurately predict the longterm survival for breast and pancreatic cancer patients [5, 29]. Given the importance of COL1
fiber properties in a broad range of biological processes, there have been significant in vitro
efforts to advance experimental capabilities by replicating in vivo collagen characteristics
to study cellular responses in a controlled manner [69].
Microfluidic systems are particularly well-suited for advanced cell culture applications
owing to precise fluid routing and control over biochemical microenvironments made possible by favorable scaling effects including laminar flows and short diffusion distances. [10, 70].
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The formation of anisotropic COL1 fibers has been demonstrated in microscale systems by
manipulating neutralized collagen solutions during the self-assembly process by controlling
the motion of magnetic beads [55, 57], introducing shear flows [59, 71, 72], and applying
mechanical strains [73]. Alternatively, fibroblast-based remodeling and decellularization of
pre-gelled collagen gels have achieved anisotropic collagen environments to study directed
cell motility[47, 74]. Although current microfluidic and cell-based collagen fabrication techniques offer considerable definition over fiber anisotropy, they have not yet demonstrated
independent control over fiber anisotropy (e.g., degree of alignment) and directionality (e.g.,
fiber turns and curves) that is necessary to replicate the in vivo collagen landscape and
establish in vitro experimental platforms with improved physiological relevance.
To address this technology gap, we introduce a microfluidic platform that uses a multiport channel network with non-uniform channel dimensions and user defined flow paths to
impose controlled extensional strain on neutralized COL1 and COL1-blended solutions; these
design elements allow the fiber directionality and fiber anisotropy to be independently controlled. First, we demonstrate i) anisotropic collagen fiber domains on the millimeter scale,
ii) develop spatial gradients in the degree of fiber anisotropy, iii) control fiber directionality,
and iv) establish multi-material interfaces within a 3D COL1 gel environment. Second, we
address the practical challenge of introducing cells into microfluidic systems using a peeloff templating process and show that single cells and multi-cellular sheets respond to the
structural cues presented by our microengineered collagen landscapes. Finally, we highlight
the modular capability of our platform by incorporating a microporous, ultrathin porous
parylene (UPP) membrane[75] on top of the collagen landscape to control the degree of
interaction between the cells and the underlying fiber structures. We anticipate that this
user-friendly technology platform will enable cell responses to be investigated on well-defined
collagen landscapes.
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2.2
2.2.1

Results
Controlling Fiber Anisotropy and Directionality

Several recent papers have demonstrated that the extensional strain rate applied to a collagen solution can induce the formation of anisotropic collagen fibers. Paten and coworkers
extended a needle away from the surface of a neutralized collagen droplet at a controlled rate
such that the collagen was exposed to a constant extensional strain rate[76]. They reported
that collagen fibers self- assembled in the direction of the needle motion and produced a
collagen strand containing highly anisotropic fibers. Similarly, Lai and coworkers extruded
acid-solubilized collagen from a needle moving at high velocity (340 mm s−1 ) onto a coverslip in a neutralizing bath of NaOH and PBS. The resulting collagen contained anisotropic
fibers in the direction of extrusion[66]. Malladi and coworkers used a microfluidic flowfocusing technique to extrude a thin collagen sheet onto a mandrel with anisotropic fibers
oriented in the direction of mandrel rotation[77]. Based on these results, we hypothesized
that controlling the extensional strain rate applied to a self-assembling collagen solution
within a microfluidic channel network would result in long-range (millimeter scale) domains
of anisotropic fibers with fiber directionality defined by the flow path.

Figure 2.1: (A) Top-down view of the PDMS channel network. Open access ports are shown
as white circles and numbered. The ports are open during pre-filling (priming) with collagen
(dark blue) from port 3. (B) Solid back circles indicate closed ports. An injection of a second
collagen solution (light blue) was performed at Q = 500µL s−1 along the path 2-1 and 2-5
to impose an extensional strain on the collagen solution. (C) A COMSOL simulation shows
the velocity along the flow path (2-1 and 2-5) with lighter shades of blue indicating a higher
magnitude, orange lines show flow streamlines. (D) Vector field of flow generated using
particle image velocimetry (PIV) in ROI shown by orange box. Size of arrows corresponds
to flow velocity (scale bar = 100µm ).
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Figure 2.2: (A) Channel dimensions (B) Schematic showing the line plots along which velocity was measured (C,D) Line plots of velocities showing the regions of interest used to
calculate the extensional strain rate
To test our hypothesis, we developed a microchannel design with a non-uniform geometry,
as shown in Figure 2.1. The network consisted of five access ports, two in the ‘inlet region’
from 1-2, and three in the ‘expansion region’ from 3-5. The inlet and expansion regions were
connected via a “funnel” with a 10:1 change in width from the funnel opening to the exit.
With a constant input flow rate Q, and a varying cross-sectional area (i.e., channel width),
the average fluid velocity, V , in the channel changed according to the relation V = QA−1 .
The network was designed to maintain a linearly changing velocity profile along the length of
the funnel, seen in Figure 2.2. The extensional strain rate was determined as the change in
centerline velocity (∆V ) along the flow direction in the channel (∆X) using a COMSOL flow
simulation. The simulation was validated using particle image velocimetry (PIV) (Figure
2.2D), and the experimentally measured velocity values matched the simulation within 5%
(Figure 2.2.1). The COMSOL flow simulation predicted an extensional strain rate in the
fluid of 110 s−1 along the path 2-1 and 130 s−1 and in the funnel region. The fluid velocity
dropped off non-linearly upon entering the expansion region (large increase in A), and the
corresponding strain rate decreased from 130 s−1 to 30 s−1 over 0.7 mm. A representative
image of the velocity field measured by particle image velocimetry (PIV) is shown in Figure
2.1D.
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[Fluid
velocity COMSOL simulation]3 independent measurements of fluid velocity at the inlet
port. Data is presented as mean ± SD. The velocity in the same region, as determined
from COMSOL is shown as a dashed line. The simulated result is within 5% of the
expected mean values from the experimental data.
To determine whether we could achieve fiber alignment by applying extensional strain
to a collagen solution with our system, we first primed the microfluidic network with a
neutralized solution of 2.5 mg mL−1 collagen (shown in dark blue in Figure 2.1) at a flow
rate of 4µLmin−1 with all ports open. The pre-filling step was performed to limit bubble
formation in the subsequent injection step. As shown in Figure 2.1, Ports 3 and 4 were closed,
and a neutralized 2.5mg mL−1 collagen solution was injected into the microfluidic channel
at a flow rate of 500µLmin−1 for 5 seconds with the flow directed along the paths 2-1 and
2-5 (shown in light blue). After injection, the devices were immediately transferred to a
37◦ C incubator for two hours to promote collagen gelation. Confocal reflectance microscopy
(CRM) images in the boxed yellow region show the collagen landscape over a 1.4 mm distance
(Figure 2.3). The degree of anisotropy (i.e., coefficient of anisotropy, CoA) was quantified
as the fraction of fibers within ±15◦ of the mode of the fiber angle histogram. In the boxed
region, the CoA was maintained within 0.1 CoA unit (CoA = 0.60 to 0.69). We also observed
that the fiber anisotropy was uniform throughout the thickness of the gel (see supplemental
video). In line with our hypothesis, the directionality of collagen fibers was controlled by
the flow path. As shown in Figure 2.3A, the fiber directionality shifted from 0◦ near port 2
to 75◦ as the flow moved toward port 5, corresponding to a rotation of 53.6◦ mm−1 . Thus,
by defining a flow path (i.e., opening and closing access ports) in a microfluidic system with
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Figure 2.3: Confocal reflectance microscopy (CRM) images of COL1 fibers after injection
and gel formation. The yellow box in each schematic identifies the imaging regions. (A) The
stitched CRM image montage on the right and shows anisotropic fibers between ports 2 and
1, directed along the 0◦ axis at the inlet (port 2), and gradually turning towards the 90◦ axis
into the funnel towards port 5. Arrows indicate the fiber directionality. A constant strain
rate of 110 s−1 was predicted using a COMSOL flow simulation. (B) The stitched CRM
image montage on the right shows that collagen anisotropy rapidly decreases over a 0.7 mm
distance upon entering the expansion region. The gradient in CoA shown with quadratic
curve fit (R2 = 0.95). The slope in CoA from 0.74 to 0.5 was calculated to be 0.0005 CoA
units µ−1 . Scale bar = 100µm in all images.
a non-uniform channel cross-sectional area, we could independently control fiber anisotropy
and fiber directionality.
The dimensionless Weissenberg number (W i) describes the ratio between the elastic and
viscous effects in a non-Newtonian fluid; molecular stretching is favored when the elastic
effects dominate and (Wi ≥ 1) We first determined the solution viscosity using rheometry
(Figure 2.4) and then calculated the maximum Weissenberg number in our system as follows:

τ = 144 × ν
= 144 × 49.8 = 0.0071s

(2.1)

γ̇ = 130s−1
∴ Wi = γ̇ × τ = 0.92
Where τ = relaxation time, and γ̇ = extensional strain rate
With a maximum predicted extensional strain rate of 130 s−1 in our channel, the W i =
0.92. While the W i is slightly less than 1, our system contributes shear and extensional
strain components that could contribute to the formation of anisotropic fibers [59, 71, 78].
Interestingly, anisotropic fibers were formed in our system even with a short injection process
that lasted for ∼ 5 seconds (total of 40µL injected along path 2-1 and 2-5). This observation
can be partially explained because the application of strain is known to enhance the rate of
polymer self-assembly by stretching protein molecules and increasing the number of nucleation sites. Thus, with a non-zero extensional strain rate fibers can preferentially nucleate
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Figure 2.4: Plot of complex viscosity as measured using rheometry at 21◦ C. Each point
represents average of 5 independent experiments. The average value after 300s was calculated
to be 0.00498 Pa.s (49.8cP)
along the flow direction (extension direction) and create anisotropic fibers after gelation[79].
To further explore the relationship between the extensional strain rate and collagen CoA,
we analyzed the fiber anisotropy at the end of the funnel as the collagen solution entered the
expansion region. As shown in Figure 2.1C and Figure 2.1D, and Figure 2.2, our simulations
predicted a rapid decrease in velocity resulting from the large increase in cross-sectional area.
The corresponding extensional strain rate fell sharply from 130 s−1 to 30 s−1 over a 0.7 mm
distance. As the strain rate decreased, the collagen fiber CoA reduced from 0.74 (anisotropic)
to less than 0.5 (random orientation) over 500µm . The spatial change (gradient) in CoA
was fit to a quadratic curve (R2 = 0.95). To the best of our knowledge, this is the first
demonstration of a microengineered gradient in collagen fiber anisotropy within a 3D gel.
Since the imposed extensional strain rate for a material is a function of the flow rate and
channel geometry, we anticipate that CoA gradient characteristics such as the slope, profile,
and endpoint values can be tailored tuned by modifying the network geometry and input flow
rate. Exploiting the relationship between extensional strain rate and CoA can provide new
experimental capabilities to study how different cell populations migrate along domains of
constant CoA and explore responses to gradients in CoA within a 3D gel. These capabilities
have particular relevance in studying immune cell and cancer cell motility [80].
We have also demonstrated that fiber directionality is a function of the defined flow
path and can be controlled independently from fiber anisotropy. Combining well-defined
characteristics of the collagen landscape in a single platform could enable future experiments
that explore hierarchical interactions between fiber anisotropy and directionality that guide
topographic cell alignment or migratory activities in a tissue-specific manner.
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2.2.2

Establishing Multi-material Interfaces Using Laminar Flow

Figure 2.5: (A) Schematic showing the process of creating a multi-material interface using
pure collagen (COL1) and collagen mixed with 4.8% hyaluronic acid (COL1-HA). (A) COL1
solution (dark blue) was injected from port 3 (pre-filling) with all ports open. Ports 3 and
4 were closed, and COL1-HA (light blue) was injected from port 2 along the path 2-1 and
2-5, as shown by the arrows. The yellow box in path 2-5 shows the region of interest imaged
in panel B. (B) Fluorescent beads were incorporated into COL1-HA solution to visualize
the interface between COL1 and COL1-HA after gelation. Scale bar = 500µm . (C) CRM
image of anisotropic COL1-HA fibers (CoA = 0.67) in the region identified by the yellow
box between ports 2-1 are shown. Scale bar 25µm .
While controlling structural fiber properties is essential in creating an in vitro model,
material composition is an important design consideration. For example, the tumor microenvironment exhibits regions of dense hyaluronic acid (HA) and COL1 [81], while more
defined boundaries separating material domains are a hallmark of tissue barriers such as
the transition from the stroma to the vasculature[63]. Although interfaces between materials can be achieved in fluidic systems with sequential molding processes[82, 83], layer by
layer ECM deposition[84, 85], viscous fingering[63] and parallel microfluidic channels[86],
the microengineering of material interfaces while maintaining fiber anisotropy has not been
widely explored. Here, we use our multi-port, two-stage injection process to control the
fiber anisotropy and directionality, and exploit laminar flows of viscous solutions to define the interface between material domains. Since flow within our microfluidic network is
in the laminar regime (maximum Reynolds number ∼ 6), we hypothesized that our twostage injection process would result in minimal mixing between gel solutions. To demonstrate the fabrication of material interfaces, we prefilled our microfluidic network with a
2.5mg mL−1 COL1 solution, as described in the methods section. For the second stage of
injection, a 2.5mg mL−1 collagen solution containing 4.8% HA (COL1-HA) was injected into
the prefilled network along the path 2-1 and 2-5. Fluorescent beads were added to the COL1HA solution to enable visualization of the interface. The samples were allowed to gel in a
37◦ C incubator before CRM imaging of fibers and fluorescence imaging of the beads. Figure
2.5 shows the schematic representation of the injection process, and the yellow box indicates
the imaged region. Figure 2.5B delineates the interface between COL1 and COL1-HA gels
as identified by fluorescent bead imaging. Figure 2.5C shows COL1-HA fibers aligned with
a CoA of 0.68.
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Thus, using a simple two-stage injection process along a user-defined flow path, we have
combined multi-material interfaces containing anisotropic fiber domains in a single platform.
The laminar flow and multi-port injection capabilities can be further leveraged to create more
complex interfaces with structural definition and multi-material heterogeneity.Establishing
independent control over the fiber anisotropy at a material interface can help shed light on
questions related to the role of biophysical guidance cues in cell migration, tissue morphogenesis, and early development[2, 87, 88]
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2.2.3

Direct Access to Microengineered Collagen Landscapes

Figure 2.6: (A) Schematic representation of the PDMS channel lift-off process. Removing the
PDMS channel after gel formation allowed direct access to the underlying collagen substrate
(dark blue). (B) CRM images showing collagen alignment in a region of interest before and
after lift-off. Scale 25µm . (C) Box and whisker plot showing the change in CoA across 50
randomly selected regions after before and after lift-off, with a mean change of 0.0005±0.05
CoA units. Whiskers show 5-95 percentiles.
Conventional microfluidic systems consist of channels that are permanently bonded to a
substrate, with fluidic ports being the only point of access to the interior of the system. The
introduction of a 3D gel into the channels effectively blocks these initial access ports[63, 89,
90]. Cells can be introduced to the system in two common ways: first, by pre-mixing them
into the gel solution before injection[63], or second, through the use of peripheral access
channels separated from the main channel with small constrictions[91]. The use of adjacent
channels to introduce cells is not always an option in large channels due to limited access
to the gel’s interior. Including cells in the gel precursor solution is convenient but limits the
extent to which fiber properties (e.g., diameter, length, and density) can be controlled by
tuning solution pH, ionic strength, composition, and polymerization temperature, because
those variations can cause cell damage[36, 92, 93]. To overcome these practical limitations,
we demonstrate a versatile method for accessing the 3D microengineered collagen landscapes
after formation.
To address the problem of accessing a 3D gel, intrinsic to sealed microfluidic systems, we
developed a method where the PDMS guiding network could be lifted off and removed after
collagen gelation. The PDMS channels were passivated with bovine serum albumin (BSA)
after fabrication to limit the attachment of collagen and glass coverslips were functionalized
with poly(octadecene maleic-alt-anhydride) (POMA) to promote covalent attachment of the
collagen to the glass[82, 94]. After collagen microengineering and gelation, the PDMS guiding
channel was gently lifted off with tweezers and removed to expose the gel, as shown in Figure
2.6. To assess how fiber anisotropy was affected by the lift-off process, we randomly selected
39

Figure 2.7: Change in the thickness of collagen gel after PDMS channel lift off. Each data
points represents the average of 3 points on a sample. Average change in height after channel
lift off was determined to be 1.4µm
50 regions on the landscape and imaged them with CRM before and after channel removal.
As shown in Figure 2.6, the average change in CoA was 0.0005 ± 0.05. CRM imaging
also showed that the change in the height of the collagen gel was 1.4µm ± 0.7µm (Figure
2.7). Since the landscape properties and gel height were minimally impacted by channel
lift-off process, our technique represents a promising method to create well-defined collagen
landscapes and then directly access the 3D gels. Open access allows standard cell seeding
and culture, fluorescent labeling, and RNA extraction protocols to be followed and, thus,
improves the usability of the platform outside of engineering-focused laboratories.
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Figure 2.8: (A) MDA-MB-231 cells were fixed and stained to identify actin (green) and nuclei
(blue) 24 hours after seeding on aligned collagen landscapes. Yellow boxes in the schematic
show the imaged regions. Cells were observed to be elongated on aligned fibers and followed
the fiber direction, indicated by the white arrows. The violin plot compares the aspect
ratio of cells on aligned collagen landscapes and random collagen. Aligned cells had a mean
aspect ratio of 3.44 ± 2.4 (n=387) compared to a mean of 2.13 ± 1.3 (n=139) for randomly
oriented control, p<0.0001 (scale = 100µm ). Centerline in plot shows median, with dashed
lines indicating the 25th-75th quartiles. (B) Representative images of cells on aligned collagen
landscapes. A more elongated morphology is observed on the aligned landscape as compared
to cells on randomly oriented collagen gels (scale = 50µm ). (C) HUVECs on the collagen
were stained for actin (green) and nuclei (blue) after 24 hours. Cells on anisotropic gels
displayed aligned actin fibers. The histograms show the distribution of HUVEC actin fibers
on anisotropic collagen and random collagen, with FWHM values of 40◦ and 70◦ , respectively.
(scale = 100µm )

2.2.4

MDA-MB-231 and HUVEC Responses to Collagen Landscapes

We sought to confirm that cells would recognize and respond to the exposed collagen fiber
landscapes after lift-off. MDA-MB-231 cells are an invasive triple-negative breast cancer cell
line commonly used as a model to study cell-matrix interactions. Here, we seeded them as
single cells rather than aggregates to explore how they responded to our microengineered
collagen fiber landscape. After lift-off, an acrylic media reservoir was positioned around the
exposed collagen gels, and MDA-MB-231 cells were seeded on the gel and imaged after 24
hours. As seen in Figure 2.8,individual cells in the region between ports 2-1 aligned and then
changed direction along the the path from ports 2-5. The alignment and direction of cells
in the yellow boxed region were observed to be similar to the collagen landscape shown in
Figure 2.3. As shown in Figure 2.8B, MDA-MB-231 cells interacting with aligned collagen
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fibers displayed a more elongated morphology as quantified with the cell aspect ratio (AR)
when compared to cells on unaligned gels (AR = 3.44 ± 2.4 (n=387) and AR = 2.13 ± 1.3
(n=139), respectively, p<0.0001). These results show that cancer cell orientation followed
the fiber anisotropy and directionality in our microengineered gels. Moreover, since the
direction of collagen fibers is directed by channel design, cell orientation and alignment can
be achieved by modifying the channel geometry, input flow rate, and flow path as guided by
COMSOL simuation.
Next, we seeded human umbilical vein endothelial cells (HUVECs) to test whether a sheet
of cells would respond to the collagen landscape. Figure2.8C shows images of HUVECs on
aligned and random collagen after 24 hours, stained for actin (green), and nuclei (blue).
HUVECs on both gels can be seen forming a confluent sheet, with the actin fibers aligning
in response to the anisotropic collagen fibers (FWHM = 40◦ ) while cells on random collagen
gels did not show preferential alignment (FWHM = 70◦ ).
The above results demonstrate that single cells and cell monolayers both respond to
the collagen features in our gels after the lift-off process. The sequential workflow of microengineering the gel and then seeding cells onto the exposed collagen addresses concerns
about matching gel self-assembly and alignment-promoting factors (e.g., pH, ionic strength,
temperature, and extensional strain) with cell compatible conditions. After fabrication, the
landscape can be rapidly equilibrated with media to ensure the gel is cell compatible. This
is relevant in primary cell populations that are particularly sensitive to their local environment. In our platform, the channel design and flow properties can be tailored to control the
collagen landscape characteristics (CoA, gradients in CoA, interfaces, and fiber direction),
and the resulting landscape properties guide cell behaviors. In this way, we leverage the
precise fluidic control and manipulation capabilities hallmark to microfluidic systems with
the streamlined and established cell culture and analysis protocols used in conventional cell
biology settings. Direct access to the gel substrate also enables the addition of secondary
modules to improve experimental functionalities, as discussed in the next section.
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2.2.5

Demonstration of Modular Capabilities Using an Ultrathin
Porous Parylene Membrane

Figure 2.9: (A) Schematic of the membrane placed on the exposed collagen landscape using
pressure-sensitive adhesive and PMMA well for holding cell media. (B) CRM micrograph
of the membrane and aligned collagen fibers in contact with the membrane. The image is
captured from the underside of the membrane. The arrow indicated collagen fiber directionality. (C) Schematic showing the process of seeding cells on UPP. (D) MDA-MB-231 cells
were seeded on the membrane and stained after 24 hours for actin and DAPI to visualize cell
morphology. The image inset shows distinct filopodia-like protrusions formed by cells over
the membrane pores, suggesting that cells can probe the underlying ECM through pores,
indicated by white arrows. (Scale bar = 50µm ).
The ability to lift-off the PDMS channel is beneficial because we can expand the capabilities of our platform through the addition of application-specific modules. Modular
approaches to microfluidic systems have been demonstrated previously using open microfluidics[95, 96], magnetically sealed devices[97, 98], and LEGO-type blocks[99]. One of the key
advantages of modular microfluidic systems is the ability to discretize an experiment into
specific steps and add or remove components as required during the experimental workflow.
To demonstrate the modular capability of our platform, we introduced an ultrathin porous
parylene (UPP) membrane as a mask to define the degree of interaction between cells and
the underlying collagen. UPP membranes were fabricated such that the pore aspect ratio
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is approximately 10:1 (8.0µm pore diameter:0.86µm membrane thickness), resulting in a relatively wide and flat open pore in order to facilitate contact between the cells and COL1.
The total porosity or open area of the membrane was 23% [75]. Conventional track-etched
membranes with the same pore size are approximately 10x thicker with much lower porosity. As shown in Figure 2.9A, the UPP was attached to a laser cut PMMA reservoir and
placed on the exposed collagen gel after channel lift-off. Figure 2.9B shows a CRM image
where anisotropic collagen fibers are visible under the UPP (dark regions are pores in the
membrane). The collagen fibers were appeared to make contact with the membrane’s pores
after the application of the UPP module. MDA-MB-231 cells were seeded onto the membrane surface and stained for actin (green) and nuclei (blue) after 24 hours. Figure 2.9C
shows that cells could grow on the UPP and probe the underlying anisotropic collagen fibers
through small filopodial protrusions. However, actin fiber alignment was not observed in
cells on membranes, possibly due to decreased interactions between the cell and the collagen
fibers as a result of the UPP “mask”.
Interestingly, distinct filopodia-like protrusions (white arrows) were extended by the cells
in Figure 2.9D, inset, suggesting that the cells were probing the collagen under the pores.
To further investigate whether the cells can detect fiber alignment through the pores, our
platform can be used with UPPs of different pore sizes and pore spacings to quantify the
threshold cell-collagen interaction that is required to induce cell alignment.The use of membrane modules also have importance in modeling barrier tissue functions such as studying
the effects of ECM alignment on leukocyte transmigration[100], or improving the adhesion
of cells on a membrane under an applied fluid shear stress[101].
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2.3

Conclusions

In this work, we introduced a user-friendly technology platform that expands the current collagen microengineering capabilities. We demonstrateed that COL1 fiber directionality could
be controlled by changing the fluid flow path (i.e., opening and closing of access ports) and
fiber anisotropy in our system could be defined by changing the extensional strain rate using
expanding and contracting channel geometries. In addition, both the flow path and strain
rate can be controlled as a function of the channel geometry; therefore, modification of collagen landscapes can be achieved by simply changing the channel design and experimental flow
parameters. Extensional strain has been used by other groups to produce large scale collagen
sheets using extensional flows[77]. We anticipate that our technique can be used to scale up
the production of anisotropic and directionally-defined 3D gels by introducing multiple parallel expansion and constriction regions into the system. The strain-based mechanism used
here to create directionally-defined anisotropic collagen matrices can potentially also be used
to align other mechanically responsive materials including fibrin[102], fibronectin[103], and
elastin[104] to further enhance experimental capabilities of in-vitro cell culture platforms.
We could also achieve spatial gradients in the degree of fiber anisotropy and exploited laminar flows to create defined interfaces between materials. We further demonstrated a lift-off
process to simplify experimental workflows and confirmed that cells responded to the microengineered collagen landscape. We established modular capabilities by incorporating a UPP
membrane module as a method to explore cell sensing behaviors. Additional modules such as
flow channels, soluble factor reservoirs, or sensors can also be added to tailor the experimental platform to fit a broad range of applications. We believe that the versatile capabilities
provided by our system will be of interest to researchers looking to recapitulate tissue-specific
microenvironments in vitro. Anticipated applications include the investigation of cell motility within micro-engineered gels, exploration of factors that induce endothelial, nerve, and
muscle cell alignment, and studying cell behaviors at defined multi-material interfaces.
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2.4
2.4.1

Experimental Section
Soft lithography

Polydimethylsiloxane (PDMS) microfluidic channels were fabricated using standard soft
lithography techniques[105]. Briefly, photoresist (SU-8 3050, Kayaku Advanced Materials,
Massachusetts, USA) was spin-coated to a thickness of 60µm on a 4” diameter silicon wafer
(University Wafers, South Boston, USA), followed by a soft bake at 95◦ C for 30 minutes.
The photoresist was then exposed to UV (250mJ cm−1 ) through a high-resolution printed
photomask, baked for 45 minutes at 90◦ C, and then developed in SU-8 developer for 20 minutes. The wafer was then rinsed with IPA and dried under an air stream prior to storage.
A 10:1 pre-polymer base to crosslinker ratio (Sylgard 184, Dow Corning, Midland USA) was
mixed and then degassed in a vacuum chamber for 30 minutes until a bubble-free solution
was achieved. The PDMS solution was then poured over the SU-8 mold and cured for 2
hours at 80◦ C on a hotplate. The resulting PDMS channels were then gently removed from
the wafer and cut to size with a razor blade while fluidic access ports were cored with a 1
mm biopsy punch (World Precision Instruments, USA). PDMS channels were then cleaned
using 70% ethanol, followed by a DI water rinse and then stored covered until use. Channel
dimensions are shown in Figure 2.2, and the total volume is 5µL.

2.4.2

PDMS passivation and glass functionalization

Molded PDMS microchannels were sonicated in 70% ethanol for 5 minutes, followed by a
sterile DI water rinse, and dried in a biosafety cabinet. The channels were then immersed in a
1% (w/v) solution of bovine serum albumin (BSA) in sterile PBS (Fisher Scientific, USA) for
4 hours at 4◦ C to passivate the surfaces. The BSA solution was then aspirated, rinsed with
PBS, and the channels were allowed to dry in a biosafety cabinet. BSA-passivated channels
were stored at 4◦ C for up to 2 days before use. Glass coverslips (25x50mm, 1.5, Globe Scientific, USA) were sonicated in 70% ethanol, dried in air, and then exposed to O2 plasma for 1
minute at 600mTorr using the high-power setting (Harrick Plasma, Ithaca, NY, USA). The
coverslips were then submerged in a solution containing 2% (v/v) aminopropyltriethoxysilane
(APTES) (Millipore Sigma, Burlington, USA) with 90% (v/v) ethanol, 5% (v/v) deionized
water and 3% (v/v) glacial acetic acid. The coverslips were placed on a rocker plate for 5
minutes, rinsed with ethanol, and baked on a hot plate at 110◦ C for 10 minutes. Next, a
0.08% (w/v) solution of poly(octadecene maleic alt-1-anhydride) (POMA) (Millipore Sigma,
Burlington, USA) was dissolved in tetrahydrofuran (Millipore Sigma, Burlington, USA) and
spin-coated on to the APTES functionalized coverslips at 1000 rpm for 20 seconds. The
slides were then baked at 120◦ C for 1 hour and stored at room temperature until use. This
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process resulted in a surface coating of POMA to promote covalent attachment of collagen
to the surface during gelation.

2.4.3

Collagen neutralization

Type I bovine atelocollagen (COL1) (Nutragen, Advanced Biomatrix, San Diego, USA)
(417 was diluted to 2.5 mg mL−1 in 10X PBS (100 (Alfa Aesar, Ward Hill, USA) and
ultrapure water (478 and then neutralized using 1M NaOH (5.4µL) (VWR, Randor, USA)
to a pH of 7.5 immediately before use. A 2.5 mg mL−1 collagen solution containing 0.48%
(v/v) hyaluronic acid (HA) (Fisher Scientific, AAJ6699303, MW > 1MDa) was created by
replacing the ultrapure water with an equivalent volume of a 10mg mL−1 HA solution in
PBS.

2.4.4

Collagen rheometry

Rheometry was carried using a hybrid rheometer with a temperature-controlled stage (TA
instruments HR-2, Delaware, USA). A 40mm truncated cone geometry was used (TA instruments part no: 113847) with a sample volume of 300nd a gap of 25µm . A neutralized
collagen solution was prepared before loading as described, and the rheometer temperature
was maintained at 21◦ C. The complex viscosity was measured under 10% strain at 1Hz for 10
minutes. The complex viscosity used was measured at 300s after the start of the experiment,
representing the time between collagen preparation and injection into the channels.

2.4.5

Collagen injection

PDMS microfluidic channels were reversibly sealed against POMA-functionalized glass coverslips via conformal contact. At this step, PDMS channels should be free from surface
contaminants such as dust, BSA crystals, or salt crystals to ensure conformal contact between the PDMS, and glass coverslip to prevent leaking. Sterile ultrapure water was used
to remove any visible impurities on the chips, if present. Channels were visualzied after
injection to ensure leak-proof sealing was achieved. A neutralized 2.5 mg mL−1 . solution of
collagen was hand injected into the microfluidic channel network using a pipette inserted into
port 3 with all the other ports open to the atmosphere (see Figure 2.1). The pre-filling step
ensured the bubble-free collagen introduction during the second injection step. Following
pre-filling, ports 3 and 5 were sealed using adhesive tape (Scotch brand, 3M, USA), and a
second collagen solution (COL1) or collagen-HA (COL1-HA) was injected at a constant flow
rate of 500 µL min-1 from port 2 using a syringe pump (NE-4000, New Era Pump Systems
Inc, USA). Priming and injection steps were carried out with the microfluidic chips at 21◦ C
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and with the collagen stored on ice. Samples were then transferred to a 37◦ C incubator for
gelation.
5µm streptavidin functionalized paramagnetic beads (Part no: UMC0101, Bangs Laboratories, Indiana, USA) were conjugated to Atto-500 Biotin (Sigma Aldrich, USA) and
were incorporated into the COL1/HA solution at a concentration of 0.1 mg ml-1 and used
to identify the interface between the COL1 and COL1/HA regions. The solution was then
injected as described above, and fluorescence imaging was carried out using an Olympus
IX-81 inverted microscope using the appropriate filter set. Contrast adjustment was carried
out to enhance visual clarity using ImageJ (National Institutes of Health, USA)

2.4.6

Particle imaging velocimetry

The experimental flow analysis was carried out using particle image velocimetry (PIV) (TSI,
MN, USA). 5µm polystyrene fluorescent seed particles were (Magsphere, CA, USA) were
used to determine the velocity field. The microfluidic devices shown in Figure 1 were prefilled with a 2.5mg mL−1 COL1 solution, and the secondary COL1 solution containing beads
was injected as described above at 500 µL min−1 through port 2. PIV analysis were carried
out on three independent samples with the imaging time interval set at 30 µs. Captured
images were analyzed using the manufacturer’s Insight 4 software (TSI, MN, USA).

2.4.7

Flow simulation

A steady-state 3D simulation was performed using laminar flow physics of COMSOL Multiphysics. The 2D geometry was designed in Adobe Illustrator (Adobe Systems, California,
USA) and imported into COMSOL and a 60µm thickness was applied to the geometry. A
fully developed flow rate of 500µL min−1 inlet boundary condition was applied to port 2,
while the outlet boundary condition of pressure P = 0 was applied to ports 1 and 4. Wall
boundary conditions were applied to all other boundaries. A combination of tetrahedral,
prisms, and triangle mesh elements were applied to the geometry, and a mesh independency
study was carried out with stable results at ∼1,170,000 elements. Steady-state velocity magnitude contour was mapped on two lines from ports 2-1 and in the constriction from ports
2-5. The extensional strain rate was calculated by determining the slope of the line plot at
the desired coordinates.

2.4.8

Cell culture

MDA-MB-231 cells (ATCC, Manassas, USA) were cultured in Dulbecco’s modified eagle
medium (Gibco, Grand Island, USA) with 10% fetal bovine serum (Gibco, Grand Island,
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USA) at 37◦ C with 5% CO2 . Cells were used between passages 5 and 7. The media was
changed every 48 hours. Human Umbilical Vein Endothelial Cells (HUVEC) (Thermo Fisher
Scientific, USA) were cultured in medium M200 (Thermo Fisher Scientific, USA) supplemented with a low serum growth supplement kit (Thermo Fisher Scientific, USA). HUVECs
were used between passage 1-3. Cells were enzymatically dissociated using TrypLE (ThermoFisher Scientific, MA, USA) for 5-7 minutes and centrifuged at 250G for 5 minutes, and
resuspended. MDA-MB-231 cells were seeded at a density of 30,000 cm−2 , and HUVECs
were seeded at 20,000 cm−2 . Before seeding, PDMS channels were lifted off from the POMA
functionalized coverslips to enable direct access to the collagen gel. A 2 x 20

2

laser-cut

poly(methyl methacrylate) (PMMA) well was cleaned with ethanol and attached to the
region surrounding the gel using a pressure-sensitive adhesive (MP468, 3M, USA).

2.4.9

Immunostaining and imaging

Twenty-four hours after seeding, cells were fixed in 3.7% paraformaldehyde in PBS for 15
mins. Cells were then permeabilized in Triton X-100 (0.1%) for 10 mins and washed with PBS
Tween-20 (PBST). Cells were blocked in 40 mg mL−1 BSA (Alfa Aesar, Ward Hill, USA) for
30 mins at room temperature. Cells were labeled with Hoechst 33342 (300 nM) (Molecular
Probes, USA) for 10 min and AlexaFluor 488 conjugated phalloidin (ThermoFisher Scientific,
MA, USA) (1:400) for 15 mins to visualize nuclei and actin fibers, respectively. Finally, cells
were washed with PBS tween-20 and stored in PBS. Fluorescence imaging was performed an
Olympus IX-81 inverted microscope with CellSens software (Olympus, Tokyo, Japan), and
all image collection settings were consistent across experimental sets to allow comparison.
Image processing was carried out using ImageJ (National Institutes of Health, USA).
To enhance visual clarity, background removal was performed using a 50 pixel (0.162µpix−1 )
rolling ball radius, followed by contrast limited adaptive histogram equalization (CLAHE)
with a block size of 19, histogram bins = 256, and a maximum slope = 6. Image channels were merged and flattened before being saved. Images were not subject to background
subtract or CLAHE for any quantification purposes. Captured images were converted to a
binary format, and the best fit ellipse was identified for each cell. The aspect ratio (AR)
was defined as the ratio of the major to the minor axis of the ellipse. Statistical significance
was tested using the two tailed non-parametric Mann-Whitney test (n = 387 cells on aligned
substrate, and n = 139 cells on unaligned substrates), with p < 0.05 being significant.

2.4.10

Ultrathin porous parylene (UPP) membrane fabrication

Ultrathin porous parylene (UPP) membranes were fabricated using our previously published
methods[75]. Briefly, six-inch diameter silicon wafers were coated with a water-soluble sac49

rificial layer of Micro-90 (International Products Corp, NJ, USA), followed by parylene-C
deposition using an SCS Labcoter® 2 (Specialty Coating Systems, Indianapolis, IN). Parylene thickness measurement was performed using a Tencore P2 profilometer (KLA-Tencor,
Milpitas, CA). Similar to our previous work[106, 107]standard photolithography was used
to pattern a photoresist layer with hexagonally-packed circular pores with 8µm diameter
and 16µm center-to-center spacing. This pattern was transferred to the parylene layer using
inductively coupled plasma reactive ion etching (ICP-RIE) using a Trion ICP Etcher (Trion
Technology, Inc., Tempe, AZ).

2.4.11

Attachment of UPP membrane module

The UPP membrane was detached from the silicon wafer by immersing the wafer in DI water
until the UPP floated away from the substrate (1 minute). A membrane holding frame was
fabricated using 1.5mm x 18mm PMMA (McMaster-Carr, California, USA) with a laser
cut 2 mm x 2 mm region central was attached to the UPP using pressure-sensitive adhesive
(MP468, MP467, 3M Company, Minnesota, USA). The outer edges of the PMMA frame were
attached to the glass coverslip surrounding the exposed collagen gel using pressure-sensitive
adhesive such that the UPP membrane made direct contact with the collagen.

2.4.12

Confocal reflectance microscopy and alignment characterization

Collagen fiber structure was visualized using confocal reflectance microscopy (Leica TCS SP5
II) using a 488nm laser line with a 40x water objective and optical zoom of 1.75x. All settings
were constant during the imaging sets. 2µm tall z-stacks were obtained in the center of the
60µm tall channels, each consisting of 13 images. The stacks were processed to an average
projection plane before further processing. LOCI CT-FIRE (University of Wisconsin), a
MATLAB based curvelet transform package, was used to quantify fiber directionality and
anisotropy[108–110].

2.4.13

Calculating coefficient of anisotropy (CoA)

LOCI CT-FIRE is a curvelet transform based package that was used to identify individual
fibers in the maximum projected confocal reflectance microscopy (CRM) image [108–110].
A histogram of fiber orientations was made, with intervals of 15◦ . The number of fibers that
were oriented 15◦ above or below the mode of the orientation histogram was recorded and
divided by the total number of detected fibers to get the coefficient of anisotropy (CoA).
Perfectly anisotropic gels have a CoA = 1 and CoA<0.5 was considered isotropic (random).
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2.4.14

Statistical analyses

A second order polynomial curve was fit to CoA gradient data, with goodness of fit (R2)
reported. Box plots show data from median, 25th, and 75th percentile. Whiskers indicate
5th-95th percentile of data. Violin plots show range of data. The solid black line refers
to the median and dotted lines refer to the 25th-75th percentile. Width of violin plot is
proportional to distribution of data points. Comparison of means for data with Gaussian
distribution was carried out using Mann-Whitney test. The samples sizes are noted in figure
legends. In the text, data are described as mean ± standard deviation unless otherwise
noted.
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3.1

Abstract

Randomly oriented type I collagen (COL1) fibers in the extracellular matrix (ECM) are
reorganized by biophysical forces into aligned domains extending several millimeters and
with varying degrees of fiber alignment. These aligned fibers can transmit traction forces,
guide tumor cell migration, facilitate angiogenesis, and influence tissue morphogenesis. To
create aligned COL1 domains in microfluidic cell culture models, shear flows have been used
to align thin COL1 matrices (<50µm in height) in a microchannel. However, there has been
limited investigation into the role of shear flows in aligning 3D hydrogels (>130µm ). Here,
we show that pure shear flows do not induce fiber alignment in 3D atelo COL1 hydrogels, but
the simple addition of local extensional flow promotes alignment that is maintained across
several millimeters, with a degree of alignment directly related to the extensional strain
rate. We further advance experimental capabilities by addressing the practical challenge
of accessing a 3D hydrogel formed within a microchannel by introducing a magnetically
coupled modular platform that can be released to expose the microengineered hydrogel.
We demonstrate the platform’s capability to pattern cells and fabricate multi-layered COL1
matrices using layer-by-layer fabrication and specialized modules. Our approach provides an
easy-to-use fabrication method to achieve advanced hydrogel microengineering capabilities
that combine fiber alignment with biofabrication capabilities.
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3.2

Introduction

The extracellular matrix is a 3D fibrous network that provides structural integrity to tissues
and guides cell behavior [13, 112]. Physical properties such as stiffness, fiber density, and fiber
organization serve as cues to guide cell motility, morphology, and phenotype [7, 113, 114]. In
turn, the fiber organization of the ECM is dynamically remodeled by cells in response to local
biochemical and biophysical stimuli. These cell-ECM interactions can reorganize randomly
oriented collagen type I (COL1) fibers into aligned fiber domains with varying degrees of
alignment [5, 47]. Due to the non-linear mechanical properties of fibrous COL1 networks,
fiber alignment produced by cell-induced traction forces can extend far beyond the local
source to establish long-range mechanical communication through which cell position and
orientation information can be efficiently transmitted between cell populations [20, 115, 116].
Aligned COL1 fibers also influence physiological processes across several length scales (e.g.,
millimeter to centimeter), including tumor cell invasion[5], immune cell homing[31], capillary
formation[28, 66, 117], muscle cell orientation[118], and tissue morphogenesis[119]. Given the
importance of COL1 fiber alignment in native tissue, several in vitro techniques have emerged
to create aligned COL1 matrices and investigate cellular responses in an experimentally
tractable context [64, 69, 120, 121].
Microfluidic approaches have become increasingly popular to establish physiologically
relevant in vitro culture models because they can incorporate biomaterials and provide robust
control over microenvironmental cues [10, 122, 123]. Lee and co-workers first demonstrated
the alignment of COL1 fibers by injecting a neutralized, self-assembling COL1 solution into
microchannels up to 100µm wide and 50µm tall [58]. They hypothesized that the channel
walls acted as nucleation sites onto which COL1 fibrils attach and grow in the flow direction
under the influence of shear forces. This mechanism was further investigated by Saeidi et
al., who showed that when a self-assembling COL1 solution flowed over a glass substrate,
COL1 fibrils tethered to the surface [71]. The surface-bound fibrils experienced a stretching
force due to fluid-induced shear at the walls and produced directional growth of COL1
fibers. Other studies have also used shear flows in microfluidic channels to fabricate thin
(<50µm ) layers of COL1 fibers on a glass substrate to study corneal keratocyte migration
and alignment of nerve cells [59, 60, 124]. These early studies suggest that a stretching
force is required to align the self-assembling COL1 subunits and promote directional fiber
formation. Conversely, collagen subunits not tethered to a surface experience a torque in
the bulk fluid that rotates the subunits and negatively impacts alignment [71]. As a result,
aligned COL1 matrices fabricated using shear flows are generally limited to surface coatings
or thin gels <50µm in thickness. Although these surface coatings are useful in studying
2D cell responses, they cannot be used to encapsulate cells and replicate 3D cell-matrix
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interactions found in vivo [125–128].
Extensional flows, characterized by an increase in fluid velocity along the flow direction
(i.e., stretch), are commonly used to promote the self-assembly of polymer melts [129, 130],
unfold DNA strands [131, 132], or aggregate proteins [133]. In the context of COL1 fibers,
extensional flows have been shown to induce self-assembly of COL1 monomers drawn from a
droplet into aligned fibers[76]. Extrusion and bioprinting platforms have also used extension
to control fiber alignment in collagen matrices, sheets, and threads [77, 134–136].
Here, we introduce a simple approach, using a “segmented” microfluidic channel design
that creates local extensional flows to generate 3D COL1 hydrogels (>130µmthick) with longrange fiber alignment. To build additional experimental functionalities, we use specialized
modules to pattern cells and demonstrate the layer-by-layer fabrication of heterogeneous
hydrogel constructs.
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3.3
3.3.1

Results
Shear flows do not align 3D COL1 hydrogels in a microchannel

Shear flows have been used to fabricate surface coatings (<50µm ) of aligned COL1 fibers
using acid solubilized telocollagen, which are well-suited for 2D cell-culture studies [58, 59,
71]. However, a 3D matrix is a more relevant representation of the in vivo environment and is
important to investigate cell responses to biophysical cues in vitro, especially in the context
of tumor metastasis, developmental biology, and drug development [127, 137]. Enzymatically
extracted atelocollagen from bovine sources is now commonly used for bioprinting and 3D
culture studies because it is easier to manipulate over extended periods of time due to
slower self-assembly kinetics and less sensitivity to environmental conditions [138]. Using
this material, we investigated whether shear flows, characterized by the shear rate τ̇ =

δux
δz

(i.e., the velocity gradient over the channel height), could be used to align 3D atelo COL1
hydrogels. We injected neutralized, 2.5mg mL−1 COL1 solution into a microfluidic channel
with a constant height of 130µm at shear rates spanning 50 to 1000 s−1 (Figure 3.1A) and
confirmed that there was no extensional component to the flow (i.e., the extensional strain
rate, (ϵ̇ =

δux
δx

= 0) using particle image velocimetry (PIV) (Figure 3.2). After injection, the

COL1 solution was allowed to self-assemble in the microchannel in a humidified incubator
and imaged using confocal reflectance microscopy (CRM). We measured the fiber coefficient
of alignment (CoA), defined as the fraction of fibers oriented within ±15◦ of the mode value
in the fiber angle histogram. As shown in Figure 3.1B, increasing the shear rate did not
induce fiber alignment in the 130µm channels (i.e., CoA <0.5). Representative images of the
COL1 gels are shown in Figure 3.1C and provide visual evidence of unaligned fibers. Based
on these results, we concluded that shear flows were not sufficient to align thick atelo COL1
hydrogels, and we explored alternative flow-based methods to create alignment.
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Figure 3.1: (A) Schematic top view of the 25 mm long, segmented channel used to create
extensional flow. Each segment is 5 mm in length with widths decreasing sequentially from
10 mm to 0.75 mm left to right. As the cross-sectional area changes, the COL1 subunits
experience an extensional flow with a strain rate defined as the change of velocity along the
flow direction (left to right) at the entrance of each constriction. (B) The extensional strain
rate measured by PIV in the constrictions of the segmented channel increases along the
direction of flow ranging from 0.3 ±0.14 s−1 to a maximum of 9.1±0.52 s−1 . Data reported
as mean±SD, n = 3.

Figure 3.2: Schematic showing the dimensions of the straight channel with zero-strain condition. (B) Strain rate measured using PIV shows that the extensional strain in the straight
channel was ∼0 s−1

3.3.2

A segmented channel design introduces local extensional flows

The extensional strain rate has also been identified as a key player in controlling alignment
during extrusion and fiber drawing processes in non-microfluidic applications[66, 76, 139].
Thus, we hypothesized that COL1 fiber alignment could be controlled in 3D hydrogels by
exposing self-assembling COL1 solutions to extensional flow in a microchannel.
To introduce extensional flow, we designed a microchannel with five segments, each of
which was 5mm long with a constant height of 130µm (Figure 3.3A). The first segment
was 10mm wide, every subsequent segment was half the width of the prior segment, and
the last segment was 0.75mm wide (labeled a-e in Figure 3.3B). At a constant flow rate
Q, we expected the flow velocity to increase at each constriction as the cross-sectional area
decreased and then reach a constant value within each segment. To test the approach,
neutralized COL1 was injected into the segmented channel at Q = 50µL min−1 , and the
fluid velocity was measured at the constriction ROI (yellow boxes in Figure 3.3B) and within
each segment using PIV. The measured extensional strain rate was <1 s−1 in constrictions
a-b and b-c, increased to 2.7±0.67 s−1 in constriction c-d, and reached a maximum value of
9.1±0.52 s−1 in constriction d-e. As expected, the extensional strain rate was localized to
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the constriction region and was approximately zero (<0.5 s−1 ) in each segment (Figure 3.4).
After characterizing the extensional flow in our segmented channel, we investigated
whether the flow could induce COL1 fiber alignment in 3D gels. We injected neutralized
COL1 solutions as previously described and quantified the fiber CoA in each segment as a
function of the ϵ̇at the constrictions (labeled a-e in Figure 3.5A). Image analysis revealed
that when ϵ̇< 1 s−1 (segments a-c), the mean CoA was below the alignment threshold of 0.5.
At higher extensional strain rates, ϵ̇=2.7 s−1 (segment d) and ϵ̇=9.1 s−1 (section e), fibers
were aligned with a mean CoA of 0.58±0.13 and 0.64±0.11, respectively (Figure 3.5B),
suggesting that the extensional strain rate promoted fiber alignment. The CoA across the
different segments showed similar trends when COL1 was injected into the channel at different flow rates (Q = 100, 200, 400, and 1000µL min−1 ) (Figure 3.6). The highest CoA value
obtained was CoA=0.8, suggesting an upper limit on the fiber alignment using extensional
flows with our current design. Next, we investigated whether extensional flow could align
thicker COL1 hydrogels by injecting solutions into a 250µm tall, segmented channel at a flow
rate of 750µL min−1 . The fiber alignment was similar to the 130µm tall channels (Figure
3.7), with the mean CoA in segment (d) equal to 0.67 ± 0.002 and 0.75 ± 0.01 in segment (e).
These data provide evidence that the extensional flow in the segmented channel promoted
COL1 fiber alignment in thick hydrogels.
The flow in the segmented microchannel has shear and extensional components, and we
sought to understand the role of each on fiber alignment. To decouple the shear rate from
the extensional strain rate, we determined the maximum centerline velocity (ux,max ) in each
segment of the segmented channel using PIV and calculated the corresponding shear rate
from the equation τ̇ = ux,max × 0.5h−1 (Table 3.1. The shear rates ranged from 23 s−1 in
segment (a) to 257 s−1 in segment (e). Collagen was then injected into a uniform, straight
channel of 130µm thickness, such that the shear rate in the uniform channel was matched to
the shear rate in a segment, and the extensional component in the uniform channel was 0
(Figure 3.2). At a shear rate of 257 s−1 in the uniform channel (no extensional component),
the mean CoA of COL1 fibers was 0.49±0.1 (not aligned) (Figure 3.5C, 3.8). Whereas
the mean CoA was 0.64±0.11 in segment e of the segmented channel (ϵ̇=9.1 s−1 ) (p<0.05)
(Figure 3.5C). These data suggest that the extensional contribution of the flow influenced
the alignment in the segmented channel.
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(mm/s) Shear rate ( s−1 )
1.531
23.55
39.28
2.55
3.98
61.23
8.32
128
16.7
257
Table 3.1: Calculated average shear rate in each segment

Figure 3.3: (A) Schematic top view of the 25 mm long, segmented channel used to create
extensional flow. Each segment is 5 mm in length with widths decreasing sequentially from
10 mm to 0.75 mm left to right. As the cross-sectional area changes, the COL1 subunits
experience an extensional flow with a strain rate defined as the change of velocity along the
flow direction (left to right) at the entrance of each constriction. (B) The extensional strain
rate measured by PIV in the constrictions of the segmented channel increases along the
direction of flow ranging from 0.3±0.14 s−1 to a maximum of 9.1±0.52 s−1 . Data reported
as mean±SD, n = 3.

Figure 3.4: extensional strain rates measured in the center of each segment using PIV show
that ϵ̇<0.5 in the center of all segments. The extensional strain was confirmed to as being
localized to the constrictions.
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Figure 3.5: (A) Schematic showing the different segments of the segmented channel and
the zero-strain channel. Panels (a)–(e) show representative images of COL1 fibers in the
corresponding section of the segmented channel. The degree of alignment of COL1 fibers is
seen to increase across the different segments. (B) Bar plot showing the mean CoA±SD in
each segment, for COL1 injected at a flow rate of 50µL min−1 . The CoA was greater than
˙ = 257 s−1 with ϵ̇= 0
0.5 at ϵ̇= 0.7 s−1 . (C) Representative images of COL1 fibers at tau
−1
and with ϵ̇= 9.08 s . Fiber alignment

Figure 3.6: Plot shows the COA of collagen fibers injected at flow rates from 501000µL min−1 in 130µm thick segmented channels. The fiber alignment increased from
segment (a) to segment (e) in all conditions. With increasing flow rate, the maximum collagen alignment increased to a peak alignment of ∼0.8.
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Figure 3.7: COA measurements of collagen injected at Q=750µL min−1 into a 250µm thick
segmented channel. Mean COA increased going from segment (a) to (e) with a peak average
of 0.75.

Figure 3.8: Data showing collagen fiber alignment under extensional and shear flows. The
light blue bars show the mean CoA of fibers that were exposed to extensional flow (segmented
channel), and the dark blue bars represent the mean CoA of collagen fibers exposed to only
shear (straight channels). N=3, Mean±SD, *P<0.05
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3.3.3

Extensional flow promotes fiber alignment over millimeter
scales

In the previous experiments, the CoA was measured close to the constriction region. To
assess the distance over which the alignment extended into the segment, we imaged COL1
fibers in 3 ROIs spaced 1mm apart within each 5mm segment (Figure 3.9). We found
that the fiber alignment was uniform over each 5mm segment, with a maximum standard
deviation of 0.04 CoA units. The alignment was also consistent through the thickness of the
channel. These data show that the fiber alignment promoted by the local extensional flow
at the constriction extended across the 5mm segment. This rather unexpected finding may
be explained by calculating the Weissenberg number (Wi = ϵ̇ × τ̇ ), where ϵ̇is the extensional
strain rate and τ̇ is the characteristic molecular relaxation time[140]. Extensional flows are
known to stretch and orient molecules [131] and in conditions where Wi > 1, molecular
orientation effects are favored. In our segmented channel, we found used the Rouse model
to calculate the relaxation time as

τr =

Cd R2
6πKB T

Cd = µ ×
R2 =

2πL
ln(L/d)

2lp
L

L = 255.6nm
lp = 18038 ± 1870nm2
where lp = presistence length, L = average fibril length, Cd = drag coefficient
(3.1)

Based on the above calculations, Wi <1 in the first two constrictions, Wi > 1 in constriction cd and Wi = 9.1 in constriction d-e. Wi >1 (segment d) corresponded to the onset of alignment
in the segmented channel, suggesting that extensional flow oriented the self-assembling COL1
fibers in the direction of flow and promoted long-range alignment. Thus, by simply changing
the geometry of the microchannel, we could introduce local extensional flow that resulted in
uniform fiber alignment across a 5mm segment, with a CoA that varied as a function of the
extensional strain rate at the constriction.
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Figure 3.9: Figure showing CRM images of uniform COL1 fiber alignment across the 5 mm
segments in the channel. Three images from each segment (A)–(E) are shown, spaced 1 mm
apart. Each image covers an area of 221 × 221 µm . The mean CoA±SD are shown for each
segment, with a maximum deviation of 0.08 units. We can see the onset of fiber alignment
in segment C that corresponds to Wi > 1 in the constriction (b) and (c). The images are
along the flow direction of the neutralized COL1 solution. Scale bar = 25µm .

3.3.4

Cell culture on aligned 3D matrices using functional modules

Having established a relationship between extensional flows and COL1 alignment using a
segmented channel, we focused on the practical consideration of how the microengineered
3D COL1 gels could be accessed. Conventional microfluidic systems are permanently sealed,
and introducing cells to 3D environments requires that the cells are premixed in the hydrogel precursor solution, or more complex multichannel approaches are needed to deliver
media or cells to a hydrogel [125, 137, 141]. Permanently sealed designs also limit the ability to add new experimental functionalities to an existing device. Magnetic latching offers
the the ability to easily assemble, disassemble, and combine specialized microfluidic modules throughout the experimental workflow [97, 98] and we developed a magnetically sealed
modular microfluidic platform to provide easy access to the collagen hydrogels.
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Figure 3.10A (1-3) shows the modular platform, consisting of a laser-cut PMMA base
with an open central region and holes to accept magnets. The base was mounted onto a
glutaraldehyde functionalized glass coverslip. A razor-cut PDMS channel “cut-out” with
an outer footprint designed to fit into the open region in the base plate was placed onto
the coverslip. A bovine serum albumin (BSA) treated PDMS block containing access ports
(referred to hereafter as a “cover”) was placed over the cut-out to form a channel. COL1
solution was injected into the channel and allowed to self-assemble as previously described.
After the gel formed, the PDMS cover was peeled away from the cut-out to reveal the aligned
COL1 that was confined within the razor-cut features.
We measured the CoA before and after the process to confirm that the cover removal
did not alter the fiber alignment (Figure 3.10B). Our results showed that the change in
CoA was not statistically significant in any of the segments (a-e). Representative images of
aligned fibers before and after removing the cover are shown in (Figure 3.10C). Our cover
removal process allowed direct access to the COL1 without the need for auxiliary channels.
In addition, the magnetic base allowed the simple "plug and play" addition of specialized
functional modules. The magnetic latching process is reversible, quick, and can allow us to
add experimental capabilities on-demand without disturbing the underlying COL1 structure.
As a demonstration, we first used the modular approach to seed cells and showed differences
in endothelial cell alignment on COL1 fibers of high CoA and low CoA.
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Figure 3.10: (A) Schematic representation of the two-piece channel fabrication and the
modular base. (1) Schematic shows the assembly of the channel and the modular base. (2)
Schematic illustration of exposing the COL1 matrix in the channel after self-assembly. The
cover can easily be removed to reveal the COL1. (3) Direct access to the COL1 matrix after
cover peel off. (B) Plot shows the COA in each segment of the channel before and after
peeling off the cover. No significant difference was observed in the COA. (C) Representative
images of COL1 fibers in the same region before and after peeling off the cover. Data
presented as mean±SD, n = 3, ns = not significant. Scale bar = 25 µm .

3.3.5

Positioning endothelial cells using magnetically coupled module

Accurately patterning of cells on a 3D gel is difficult because the media and cells are not
confined to a specific location during the seeding process. Thus, to position cells on specific
segments of the exposed matrix, we first fabricated a module that served as a well hold
media to help position cells and during the seeding and culture process (Figure 3.11A). The
module was constructed by laminating two PMMA pieces with pressure-sensitive adhesive.
Integrated magnets allowed the module to be reversibly coupled to the base plate surrounding
the two-piece channel (i.e., cut-out and cover). After the gel is formed, the cover is removed,
and the module fits into the cut-out of the magnetic base and interfaced with the channel
and the exposed COL1 matrix, forming a liquid-tight seal against the channel cut-out to
hold media or other reagents without leaking. We magnetically coupled the module to
the frame and seeded human umbilical vein endothelial cells (HUVECs) in the aligned and
unaligned regions of the segmented channel to demonstrate that the cells responded to fiber
alignment (Figure 3.11B). Cells cultured on aligned COL1 (CoA=0.8) displayed an elongated
morphology with actin fibers oriented in the direction of COL1 fibers. In contrast, cells
interacting with the randomly organized COL1 (CoA=0.3) display random alignment. Using
a modular approach, we spatially patterned cell populations and demonstrated cell response
to aligned COL1 fibers.
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3.3.6

Layer-by-layer fabrication of COL1 hydrogels

Multi-layered hydrogels can be used to replicate ordered tissue structure [142], position
cell populations relative to other cell types [143, 144] and provide cell-specific niches in a
3D hydrogel. The ability to combine controlled fiber alignment and cell patterning with
layer-by-layer biofabrication of 3D hydrogels in a fluidic system can be used to replicate
the diverse, ordered microenvironments found in vivo. Here, we used a functional module
to fabricate a layer of COL1 with randomly oriented fibers over an existing aligned COL1
substrate (Figure 3.11C, 1-3). After the self-assembly of the aligned COL1, we removed the
channel cover to directly access the microengineered COL1. The cell culture module was
magnetically attached, and a BSA passivated PDMS block was inserted into the module,
as seen in Figure 3.11C-3. The PDMS block converted the 5mm deep open well of the cell
culture module into a 2.5mm tall channel. Collagen was mixed with polystyrene beads to aid
visualization of the layers and injected at a flow rate of 50µL min−1 to avoid damaging the
existing aligned hydrogel in the segmented channel below. To visualize the different COL1
layers, we imaged the layered construct through its thickness (z) (Figure 3.11D).
The z-stack images revealed a sharp interface between the different COL1 layers, as
indicated by the settled polystyrene beads between the aligned and the beads dispersed in
the randomly organized COL1 layer. Additionally, the alignment of the pre-existing COL1
in the segmented channel was not affected by the injection of the new layer. We were also
able to remove the passivated PDMS cover to expose the randomly oriented COL1 hydrogel
layer.
To establish the layer-by-layer approach to position multiple cell populations for coculture applications, we attached the layer-by-layer module and cultured human dermal
fibroblasts (HDFB) on the surface of the aligned lower collagen layer. Next, we slowly
injected a cell-laden solution of collagen with MDA-MB-231 cells as the second layer and
maintained the culture for 48 hours. After 48 hours, the fibroblasts were found to align
along the direction of collagen fiber alignment in segment 4 and the MDA-MB-231 cells
were evenly dispersed in through the thickness of the second layer (Figure 3.11E). We also
observed that fibroblasts in the unaligned collagen segments displayed random orientation
(Figure 3.12). Thus, this demonstration highlights the ability to fabricate multiple layers
of ECM materials with distinct cell populations within a fluidic device and shows that the
addition of new layers did not disturb the microstructure or cells in the underlying layers.
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Figure 3.11: (A) Schematic showing the construction and attachment of a cell culture module
via magnets on to the aligned COL1 after channel cover removal. The module comprises of
a PMMA frame with magnets that enable magnetic coupling to the base. A fully assembled
view of the module, after attaching to the base is shown. Laser-cut wells in the module
hold cell media. (B) HUVECs stained for actin and nuclei after 3 h of culture on a COL1
matrix in the segmented channel. Top panels show cells in a high CoA (0.8) region, and
lower panels show cells in a low CoA (0.3) region of the same hydrogel. Cells are aligned in
the aligned region as compared to their morphology in the randomly organized region. (C)
Module to demonstrate layer-by-layer fabrication of other ECM layers. (1) Collagen exposed
after cover removal. (2) Addition of cell culture module. (3) A 2.5 mm thick BSA passivated
PDMS plug is inserted into the upper half of the 5 mm tall well in the fluidic module and
Collagen is injected into the 2.5 mm chamber below as shown in the cross-section view. (D)
CRM images of layered collagen hydrogel showing aligned COL1, an interface as marked by
5 µm beads, and the top layer of unaligned COL1. (E) Representative images showing the
coculture of HDFBs and MDA-MB-231 cells in individual layers. Scale bar = 25 µm .
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Figure 3.12: (A) Schematic showing layer by layer fabrication (B) Segment b was imaged
after adding a second layer of collagen and culturing fibroblasts for 24 hours (C) fibroblasts
were found to be randomly oriented in on randomly organized collagen matrices.

3.3.7

Fluidic perfusion of aligned collagen hydrogels

To further establish the versatility of the modular device as an advanced in vitro platform,
we investigated the feasibility of introducing perfusion without disturbing the underlying
collagen fiber alignment. First, we fabricated a fluid flow module which comprised of a
PDMS block with a channel (25mm × 2.5mm × 1.5mm), that was attached to the magnetic
cover (Figure 3.13A). The PDMS channel interfaced with the aligned collagen layer and
formed a tight seal against the channel cutout on the coverslip via magnetic coupling. Fluid
delivery ports in the magnetic cover interfaced with the access ports of the PDMS channel,
and perfusion was carried out using a syringe pump. We maintained a flow of media over the
collagen layer for up to 16 hours at a flow rate of 5µL min−1 , corresponding to 3 complete
media renewals per hour. Imaging of the collagen hydrogel after flow removal revealed
that the collagen microstructure was maintained with highly aligned collagen visible in the
aligned segments and randomly oriented collagen in the random segments. The thickness of
the collagen hydrogel was unaffected by the flow, as evidenced by a z-scan of the collagen.
The collagen matrix was also exposed to higher flow rates of up to 500µL min−1 for 30s and
no damage was observed in the matrix.
Next, the fluidic module was attached and HUVECs were cultured at a density of 60,000
cells cm2 to form a monolayer on the collagen and were maintained under perfusion for 24
hours at a flow rate of 5 µL min−1 . Cells were fixed and stained after 24 hours and the actin
fiber orientation of the cells was quantified (Figure 3.13B). The modular approach allowed
us to remove the flow channel at the end of the experiment and immunostain the cells in
a traditional well-like approach without having to perfuse through a channel, overcoming a
significant practical limitation of conventional fluidic systems. The distribution of actin fiber
angles of cells growing in the region of collagen alignment displayed a peak in the direction
of collagen alignment with a FWHM value of 37◦ , whereas the orientation of actin filaments
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Figure 3.13: (A) Schematic of the workflow to attach a fluidic module on collagen matrix.
First, a PDMS channel is attached to the magnetic lid. The PDMS channel interfaces
with the underlying collagen in the channel cutout and is sealed via magnetic latching.
Media was perfused through the channel using a syringe pump. (B) CRM images showed
that the collagen was aligned after 16 h of flow in segment 4 and unaligned in segment
2, as expected. HUVEC alignment also corresponded to the underlying fiber organization.
(C) Angle distribution of actin filaments of HUVECs grown on aligned collagen after flow
(blue) and on random collagen (gray). Cells on aligned collagen displayed higher actin
fiber alignment as observed with an FWHM of 37◦ as compared to cells on random collagen
(FWHM 66◦ ). n = 3 samples.
in the cells growing on randomly oriented collagen was less uniform with a FWHM of 66.
Since the max shear stress imposed upon the cell monolayer was significantly less than the
threshold shear stress of 10 dynes cm2 typically needed to align endothelial cells [145], we
concluded that the directionality of actin fibers was not a result of the fluid but a result of
contact guidance from the underlying collagen fibers. This demonstration shows that the
modular approach can be used to convert from an open well format, into a fluidic format
and back into an open well format for processing.
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Figure 3.14: Schematic showing the membrane being placed over an aligned collagen substrate

Figure 3.15: Plot showing the CoA of aligned fibers after placing the membrane, n=3

3.3.8

Integrating an ultrathin membrane over aligned collagen substrates

Porous membranes are widely used to compartmentalize cell culture platforms and create in
vitro models of tissue barriers. Microfluidic platforms are a powerful tool to create barrier
models due to their ability to expose endothelial cells to shear stress to induce cell alignment
and enhance cell-cell tight junctions. Ultrathin membranes (<1µm thick) provide improved
cell-cell communication across the membrane, upto 50% porosity, and can be readily fabricated using standard nanofabrication techniques using biocompatible polymers such as
Parylene. While ultrathin membranes have widely been explored to create barriers such as
the BBB, there has been limited investigation into cell-matrix interactions through the pores
of an ultrathin microporous membrane.
After removing the top cover of the channel, a membrane module was placed over the
collagen as seen in Figure 3.14. The membrane module consisted of an ultrathin, microporous
membrane with thickness <500nm and pore size of 8µm that was attached to a PMMA
frame using double-sided pressure sensitive adhesive. After placing the membrane, the CoA
of collagen fibers under the membrane was quantified and collagen fibers were found to be
aligned with a mean CoA = 0.7±0.08 units (Figure 3.15).
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Figure 3.16: Fluorescence images of HUVECs cultured on ultrathin microporous membranes
(A) membrane without underlying collagen, (B) membrane on aligned collagen, and (C) cells
on aligned collagen. Plots under the images show the alignment of actin fibers

Figure 3.17: Orientation of the nucleus in cells cultured on a plain membrane, membrane on
aligned collagen and on aligned collagen

3.3.9

Proof-of-concept study to show endothelial response to underlying collagen alignment

Endothelial cells were used to investigate the response of cells to underlying collagen alignment. In this preliminary study, HUVECs were seeded at a density of 40,000 cells cm2 on
membranes of thickness 500nm, and 8µm pore size. The conditions invstigated included a
parylene membrane, membrane with underlying aligned collagen, and an aligned collagen
substrate without a membrane to mask the surface. (Figure 3.16). Cells were fixed and
stained after 24 hours and the actin fiber alignment and nuclear orientation was quantified
as shown in Figure 3.16 and Figure 3.17. Cells cultured on membrane without any underlying collagen did not display cell-cell contact and did not display cell adhesion over the
8µm pores of the membrane. In contrast, cells cultured on the membrane placed over an
aligned collagen matrix displayed preferential alignment in the direction of the underlying
alignment.
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3.4
3.4.1

Discussion
The role of extensional flow in COL1 fiber alignment

The use of shear flow is a popular and simple approach to create fiber alignment in thin
COL1 gels within a microfluidic channel [58, 59, 71]. Most studies that describe shear flows
to align COL1 fibers report use acid extracted telocollagen. Telocollagen exhibits faster
self-assembly dynamics than atelocollagen which makes it difficult to use in applications
where the COL1 solution needs to be manipulated for extended periods of time, such as in
microfluidic injections and bioprinting. Recently, the use of bovine-derived atelocollagen has
gained popularity in 3D cell culture and as a bioink [139, 146–148]. We observed that using
shear flows did not induce fibers alignment in thicker hydrogels made from atelo collagen over
a wide range of shear rates (50-1000s−1 ). To advance 3D COL1 microengineering capabilities,
we tested the hypothesis that the addition of extensional flow promotes alignment in thicker
gels. We used a segmented channel with a constant height of 130µm that was suitable for 3D
studies [149] and measured localized extensional flows at each constriction using PIV. We
found that the local extensional flow created domains of aligned fibers that were uniformly
aligned across each 5mm segment, and the alignment was a function of the extensional
strain rate. This trend was also observed in thicker gels (250µm ), suggesting the possibility
of using this process to align thicker hydrogels. Additionally, the onset of fiber alignment
in segment (d) (Figure 3.5) corresponded to the local extensional flow at the constriction
where the Weissenberg number (Wi = ϵ̇τ̇ ) was greater than 1, indicating the importance of
the extensional strain rate compared to the relaxation time of the polymer chain (Table S6).
To determine whether a single constriction in a channel would align fibers, we flowed COL1
solutions through a channel that contained only one constriction with flow characteristics
that corresponded to Wi > 1. The fibers did not align in this single constriction channel
configuration (Figure 3.18), suggesting that repeated exposure to increasing extensional flow
is needed to create aligned fibers. This finding is consistent with other reports that observed
hysteresis in the conformation of polymer molecules when the molecules were subjected to
multiple instances of extensional strain [150]. Thus, our work builds upon recent work that
highlights the importance of extensional strain as a driving force in COL1 fiber alignment [31,
76] and shows that different domains of fiber alignment can be microengineered by changing
the length of the segments in the channel.
The fiber alignment in our platform can be partially explained due to the repeated exposure of self-assembling fibrils to extensional strain that may induce fibril stretching and
alignment, which further results in the directional growth of the fibril. Previously explored
shear-based approaches for aligning collagen have shown that collagen fibers that are teth88

Figure 3.18: Plot shows the COA of collagen fibers that were injected in channels with a
single constriction. Constrictions before and after the segments of interest were cut away
and (A) the channel was designed to only present constriction between segment b-segment c,
corresponding to a strain rate of 0.66 s−1 . (B) Channel with constriction between segments
(c)- segment (d), strain rate = 2.73 s−1 . ns = not significant
ered to the channel walls are aligned due to the stretching force applied by the fluid shear
stress near the walls, in contrast extensional flow provides a stretching force throughout
the thickness of the channel, resulting in uniform fiber alignment through the thickness of
the matrix. We further hypothesize that CoA values > 0.8 can be achieved through tuning
COL1 self-assembly rates by using telocollagen instead of atelocollagen, combining COL1
with other biomolecules (e.g., fibronectin, elastin, or hyaluronic acid), increasing the solution
pH, or increasing the self-assembly temperature [36, 92, 93]. Further optimization of the extensional flows and modifications to the channel geometry, such as the constriction widths,
constriction shape, and segment length, may also provide improved alignment. Atelocollagen is less stiff than telocollagen of the same concentration, and the storage modulus of the
2.5mg mL−1 hydrogel was 45Pa (Figure 3.19). The stiffness of the COL1 matrix can be tuned
using similar approaches or by adding exogenous cross-linking agents after the gel cover is
removed. We expect that modifying the channel design to generate a desired extensional
flow, coupled with control over the COL1 self-assembly conditions, will enable a high degree
of control over the fiber alignment in a COL1 matrix that can be rapidly implemented.
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Figure 3.19: Rheometry data showing the increase in storage and loss modulus of the collagen
during self-assembly at 37◦ C. Mean storage modulus at the plateau was measured to be 45
Pa. n = 3

3.4.2

Functional Modules and Layer-by-Layer Biofabrication

Since typical microfluidic devices are completely sealed systems, accessing a 3D hydrogel
within a microfluidic channel is challenging because loading a hydrogel into the channel
effectively blocks fluid delivery ports. Microfluidic devices with auxiliary channels to deliver media and cells into the hydrogel are used to overcome this challenge, but they add
complexity to the fabrication process and experimental use. We overcame this challenge by
developing a simple two-piece channel that consisted of a channel cut-out and a passivated
cover for the channel that was placed on a functionalized glass substrate to enable COL1
adhesion. The cover was used to reversibly seal the channel to inject COL1 into the channel
and was removed after COL1 self-assembly to reveal the hydrogel on the glass substrate.
The chemical functionalization is standard and ensures that the cover removal did not alter
the fiber alignment. We added capabilities for cell patterning and layer-by-layer fabrication
by integrating the microfluidic channel into a reversible sealed, easily accessible modular
device. The modular device allowed us to magnetically place functional modules on the
exposed COL1 hydrogel for patterning cells and introducing additional ECM layers. The
ease of fabricating each component of the device can greatly increase the accessibility of our
platform, and additional modules can be designed to advance experimental functionalities.
Typically, the fabrication of microfluidic platforms is carried out using soft-lithography,
3D printing, and in some cases, injection molding. These processes can be time-consuming
and require engineering expertise to implement. In our approach, we were able to fabricate
both channels and modular platforms using consumer desktop equipment that was well-suited
for rapid prototyping. The channel cut-out was fabricated using a desktop razor cutter
which reduced the time required for prototyping new channel designs to several minutes,
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compared to several hours in soft lithography. Similarly, the laser-cut modules were rapidly
prototyped without the need for injection molding or milling. Our modular approach offers
the potential to customize the experimental platform by attaching additional modules on
the microengineered COL1 matrix to pattern cells, perfuse the matrix, and deliver reagents.
Using the modular platform, we have increased the flexibility of adding cell populations
at any time in an experiment and patterning multiple cell populations across the segments.
The 5mm long segments with defined alignment are also suitable to investigate the response
of cell populations in different microenvironments on the same device. Since the addition
of cells is decoupled from collagen preparation, the researcher is now free to manipulate the
fibrous microstructure such as pore size, fiber diameter, and stiffness of the COL1 using
established methods such as solution preincubation, modifying the pH and ionic strength,
and changing the self-assembly temperature [36, 92, 93]. In contrast, premixing cells into
a COL1 precursor solution limits the ability to manipulate the self-assembly conditions in
COL1 solutions.
The modular platform can also be used to build layered ECM hydrogels with independent control over the composition and mechanical properties of each layer. Layer-by-layer
fabrication provides a pathway to generate in vitro models of hierarchical tissues. For example, the cartilage ECM is composed of ordered layers of COL1 rich tissues[151], and cardiac
tissue[152] features distinct layers of COL1 through the thickness of the tissue with defined
degrees of alignment. The layer-by-layer approach can also be used to generate hydrogels
with cell-specific layers for 3D co-culture in a microfluidic environment. These findings show
that extensional flows can be used to microengineer aligned COL1 matrices in a relatively
simple manner. Our techniques can also be used to generate alignment in blends of COL1
and other ECM materials such as hyaluronic acid, fibronectin, and fibrin to accurately replicate the composition of the ECM in vitro. We also anticipate that the magnetically coupled
modular platform will ease the incorporation of 3D matrices in microfluidic devices while
providing new functionalities to fabricate 3D ECM constructs.
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3.5

Conclusions

In this work, we found that the addition of local extensional flow using a segmented microfluidic channel design induced COL1 alignment in thick hydrogels. The fiber alignment
extended across 5 millimeter segments, and the CoA could be tuned as a function of the applied extensional strain rate within each segment. To access specific aligned domains within
each channel segment, we demonstrated a reversibly sealed channel design that allowed for
direct access to the self-assembled hydrogel. Using magnetic coupling, we reversibly placed
functional modules on top of the aligned COL1 to pattern cells and deposited new ECM
layers. We achieved long-range control over the COL1 fiber alignment, cell seeding, and
layer-by-layer ECM fabrication using desktop equipment for fabrication and simple chemical functionalization. We anticipate our findings and approach will help customize the
microstructure of fibrous ECM hydrogels to establish more complex physiologically-relevant
3D in vitro models.
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3.6
3.6.1

Materials and Methods
Soft Lithography

Microfluidic channels were fabricated using standard soft lithography techniques. Channel geometry was designed in Adobe Illustrator (Adobe Inc, CA, USA), and a high resolution, darkfield photomask was printed for lithographically defining a mold (CAD/ART
services, OR, USA). A negative photoresist (SU-8 3050, Kayaku Advanced Materials, MA,
USA) was spun onto a 4” silicon wafer (UniversityWafer Inc, MA, USA) to a thickness
of 130µm following instructions in the manufacturer supplied datasheet. The spin-coated
wafer was soft-baked at 90◦ C for 45 min to evaporate excess solvent and exposed to a 250
mJ cm−2 dose of 365nm UV to polymerize the resist. The resist was baked at 90◦ C for
10 min to promote polymerization and developed in SU-8 developer for 15 min, followed
by washing in isopropyl alcohol. A laser-cut PMMA frame was placed around the silicon
wafer using double-sided pressure-sensitive adhesive (MP468, 3M, MN, USA) to hold PDMS
during molding. The mold for the segmented channel was machined from aluminum (RIT
Machine Shop) and polished to remove surface aberrations. To fabricate channels, a PDMS
(Sylgard 184, Dow Chemical Company, MI, USA) prepolymer base was mixed with the curing agent at a base to agent ratio of 10:1. The mixture was degassed in a vacuum chamber
until no air bubbles were visible in the mixture. The mixed PDMS was poured into the
mold and allowed to cure for 10 min at 140◦ C. After curing, the molded PDMS was gently
removed from the mold with tweezers. Inlet and outlet holes were punched using a 1mm
biopsy punch (504530, World Precision Instruments, FL, USA). Channels were cleaned by
ultrasonication in isopropanol (VWR, PA, USA) for 5min and rinsing in DI water for 30s,
before drying under an air stream. The channels were heated at 100◦ C for 5 min to ensure
they were completely dry and stored in a clean petri dish before use.

3.6.2

Collagen neutralization and injection

Bovine derived atelo-COL1 (Nutragen, Advanced BioMatrix, CA, USA) (416 µL) was diluted
to a final concentration of 2.5mg mL−1 using 10X PBS (100µL) (Thermo Fisher Scientific,
MA, USA), ultrapure water (430µL), and 0.1M NaOH (VWR, PA, USA). The volume of
NaOH was adjusted to ensure a pH between 8.8-9.0 to increase the rate of fibril formation.
pH measurements were carried out on a 25µL aliquot of the prepared COL1 solution, using
a pH probe (Orion Star A211, Thermo Fisher Scientific, USA). All reagents were placed on
ice and COL1 was injected within 10 min of neutralization.
Collagen injection was carried out in a sterile biosafety cabinet. Collagen solution was
loaded into a 1mL syringe (10148-330, VWR, PA, USA) and the syringe was gently tapped to
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remove air bubbles. The syringe was loaded into a syringe pump (New Era Pump Systems,
NY, USA), for controlling the flow rate. A 20-gauge dispensing elbow needle (Grainger
Industrial Supply, IL, USA) was attached to the syringe via a luer-lock and used to inject
COL1 at specified flow rates into the channels. A minimum volume of 100µL was injected
through the channel to minimize effects of the air-liquid interface. Channels were placed in
a petri-dish with a damp lint-free wipe to maintain local humidity and prevent evaporation
and transferred to a 37◦ C incubator to induce COL1 self-assembly.

3.6.3

Particle Image Velocimetry

Fluid velocity in the channels was measured using particle image velocimetry carried out
using a pulsed laser within a Nikon Eclipse TE2000-S microscope (Nikon Corporation,
Japan). 2.5mg mL−1 Collagen (Nutragen, Advanced Biomatrix, CA, USA) was mixed with
5µm Fluorescent polystyrene latex particles (Magsphere, CA, USA). The COL1 solution
was injected at a flow rate of 50µL min−1 into the microchannels using a syringe pump
(New Era Syringe Pumps, NY, USA). All measurements were conducted in the centerline
of the microchannel. For each velocity measurement, 10 pairs of images were captured at
a given location and the time interval between images in each pair was set at 300µs. 3
repeated measures were recorded for each experimental replicate and 3 replicates were measured to calculate mean velocity. All data capturing and analysis were performed in an ROI
of 700x700µm using TSI Insight 4G software (TSI, MN, USA). The extensional strain rate
was calculated as the change in flow velocity over 700µm

3.6.4

Rheometry

Rheological properties of the COL1 hydrogels were measured using a Discovery Hybrid
Rheometer (HR-2, TA instruments, DE, USA), equipped with a Peltier temperature-controlled
stage, 40mm cone geometry with a cone angle of 1, 40mm diameter and a truncation of 25µm.
The geometry was used with a solvent trap to minimize the loss of water content from the
COL1 hydrogel during testing. A fresh COL1 hydrogel was prepared at pH 9 as described
above, and 330µL was pipetted on to the Peltier stage at 1◦ C. The geometry was lowered to
a trim gap of 75µm , and any excess COL1 was wiped away before lowering the geometry to
a working gap of 25µm . To measure the properties of the neutralized solution as it is kept
on ice, the temperature of the stage was maintained at 1◦ C, a strain of 10% was applied,
at 1 frequency of 1Hz for 20 minutes. To measure the viscoelastic properties of the fully
polymerized hydrogel, the COL1 was loaded onto the stage at 1◦ C. The stage was heated
to 37◦ C immediately after starting the experiment and data was recorded for 30 minutes to
ensure that the COL1 fully polymerized and the values of storage and loss modulus reached
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a plateau. To prevent artifacts from COL1 preincubation and potential fibril nucleation, a
fresh sample was prepared for each measurement.

3.6.5

PDMS cover passivation

To prevent COL1 from sticking to the PDMS cover, the covers were passivated using BSA.
PDMS channel covers were fabricated by casting a 10:1 mix of PDMS (Sylgard 184, Dow
Chemical Company, MI, USA) base and curing agent in a PMMA mold. The mold dimensions were 34x14mm. Inlet and outlet ports were cored in the channel using a 1mm biopsy
punch (World Precision Instruments, FL, USA). A laser-cut guide was used to help position
the inlet and outlet ports. The covers were then cleaned by sonicating in ethanol (VWR,
PA, USA) for 5 min, rinsed with DI water for 30sm dried under an air stream, and heated
to 100◦ C for 5 minutes to ensure they were completely dry. The covers were placed in a
UV sterilizing chamber for 1 minute to sterilize the surface and immediately transferred
to a biosafety cabinet. 350µL of a 40mg mL−1 solution of bovine serum albumin (BSA)
(AAJ64100, VWR, PA, USA) in PBS (Thermo Fisher, MA, USA) was pipetted onto each
PDMS cover and spread on the surface using a P1000 pipette tip. The covers were kept in
a 4◦ C fridge overnight after which the BSA was aspirated. Thee covers were rinsed thrice
with sterile PBS and allowed to dry in the BSC before being placed on the razor-cut PDMS
channels.

3.6.6

Coverslip functionalization

24 × 55mm Glass coverslips (Globe Scientific, NJ, USA) were functionalized with glutaraldehyde (A17876, Alfa Aesar, MA, USA) to promote COL1 attachment to the coverslip via
amine-aldehyde- amine coupling. Coverslips were functionalized as described by Syga et al
[153]. Briefly, coverslips were sonicated in 70% ethanol for 5 mins followed a rinse in DI
water for 1 min and then dried using pressurized air. The clean coverslips were heated at
100 C for 5mins to ensure that they were completely dry.
To attach amine groups on the surface of the coverslips, the glass surface was first activated by exposing it to a corona discharge wand for 1 min (BD-20AC, Electro-Technic
Products, IL, USA). The corona-discharge treated coverslips were immediately dipped in a
solution of 2% aminopropyltriethoxysilane (APTES) (80370, Thermo Scientific, MA, USA)
in acetone (BDH1101, VWR, PA, USA) for 10 seconds, rinsed with acetone for 30s, and dried
under an air stream. A 5% aqueous glutaraldehyde solution was prepared and pipetted over
the silanized coverslips. After 30 min, the coverslips were rinsed with DI water for 1 minute,
and dried using air. The prepared coverslips were then stored for use up to 3 days in clean
petri dishes.
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3.6.7

Razor cutting segmented channels

To razor-cut the segmented channels, A 6”x6” PDMS sheet of required thickness (87315K62,
McMaster-Carr, IL, USA) was mounted onto an adhesive plastic carrier for easy handling.
The carrier sheet was fed into a desktop plotter (Graphtec CE LITE-50, Graphtec, Yokohama, Japan) with an XY plotting resolution of 20µm . The channels were cut at a speed
of 1cms−1 with the blade depth set to 300µm . After cutting, channels were gently removed
from the adhesive carrier sheet using fine-tipped tweezers and sonicated in ethanol (VWR,
PA, USA) for 5 min, rinsed in DI water for 30s, and heated at 100◦ C for 5 min to dry.
Channel cut-outs were immediately transferred to a glutaraldehyde treated coverslip after
drying.

3.6.8

Modular base fabrication

To implement modular functionality into our platform, we adapted techniques for the fabrication of reversibly sealed, easily accessible modular microfluidic (SEAM) platform[97]. The
base was laser-cut using a desktop laser cutter (H-series 20x12, Full Spectrum, CA, USA)
from a PMMA sheet (8589K31, McMaster-Carr, IL, USA) of thickness 3/32” (2.38mm), with
a 35x15mm well space to accept the PDMS channel cut-out. Rare-earth magnets (4.75mm)
(KJ magnetics, PA, USA) press fit into laser cut holes in the base. The base was attached
to the glutaraldehyde coverslip using a 50µm thick double-sided pressure-sensitive adhesive
(MP467, 3M, MN, USA), and clean channel cut-outs were gently placed on the coverslips.
The assembled device was sterilized in a UV sterilizer for 5 min, before being transferred to
a sterile biosafety cabinet.

3.6.9

Cell culture module fabrication

The cell culture module is comprised of 2 laser-cut PMMA pieces (8589K31, McMasterCarr, IL, USA) that are laminated together using pressure sensitive adhesive. The top layer
accepts 4 rare-earth magnets (KJ Magnetics, PA, USA) with the opposite polarity facing
towards the magnets in the modular base, to enable magnetic latching. The lower layer is
attached to the top layer using a double-sided pressure sensitive adhesive (MP468, 3M, MN,
USA), with thickness 130µm . and forms a tight seal against the PDMS channel cut-out.
The cell culture area is defined by laser cutting a 24 mm x 1.5 mm well in the lower layer
and 24 mm x 3 mm in the top layer.
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3.6.10

Layer-by-layer fabrication module

The existing cell-culture module could be converted to enable layer-by-layer fabrication. A
PDMS plug measuring 24 x 3 x 2.5 mm (l x wd) was fabricated by curing a PDMS solution
of 10:1 base to curing agent in a PMMA mold. The plug was inserted into the cell culture
module where it fit into the top half of the cell culture well and transformed the 5mm tall
well into a 2.5mm thick channel into which a COL1 solution could be injected. Alternatively,
a PDMS channel was directly attached to the magnetic cover to serve as a layer-by-layer
fabrication module.

3.6.11

Perfusion with cell culture media

To perfuse the collagen hydrogel with media, a PDMS channel 2mm × 1.5mm (w×h) was
attached to the magnetic cover. The channel was magnetically latched over the aligned collagen matrix. To visualize the flow of media over collagen, 5µmfluorescent polystyrene beads
(Magsphere, CA, USA) were added to DMEM (Gibco, NY, USA) and flow was established
using a syringe pump at a flow rate of 5µL min−1 that corresponded to 3 media renewals
in the channel every hour. Collagen matrices were imaged to verify that the perfusion did
not damage the hydrogel. Additionally, collagen was exposed to a high flow rate of up to
500µL min−1 for 30s to determine the integrity of the collagen matrix under high flow rates.
To perfuse endothelial cells, cells were injected into the PDMS channel and allowed to attach
to the collagen for two hours. Media was allowed to flow at a flow rate of 5µL min−1 over
the endothelial monolayer for 16 hours before imaging.

3.6.12

Cell Culture

After self-assembly, the PDMS channel cover was removed to expose the COL1 in the channel. 750f endothelial growth media (EGM- 2, CC-3162, Lonza, Basel, Switzerland) was added
to the well and COL1 was incubated in media for 24 hours before seeding cells. Human umbilical vein endothelial cells (HUVECs) were obtained from Thermo Fisher Scientific. Cells
were cultured in endothelial cell growth medium (EGM-2 CC-3162, Lonza, Basel, Switzerland), supplemented with BulletKit (CC-4176, Lonza, Basel, Switzerland), at 37◦ C, 95%
humidity. Human dermal fibroblasts (HDFBs) were obtained from Sciencell (Carlsbad, CA)
and cultured in DMEM supplemented with 10% FBS (Avantor, USA). MDA-MB-231 cells
were obtained from ATCC and cultured in DMEM (Gibco, USA) with 10% FBS (Avantor,
USA). Cells were passaged at 70% confluence and used between passages 3-6. For seeding in the modular device, cells were enzymatically dissociated from the culture dish using
Trypsin (Corning, NY, USA) for 3-5 min and centrifuged at 150G for 5 min, resuspended,
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and counted using an automated cell counter (Countess II, ThermoFisher, USA). Collagen
gels were gently washed twice with media and the cell culture module was magnetically attached to the modular base. HUVECs were seeded at a density of 10,000 cm−2 in the cell
culture module for single-cell imaging and 60,000 cells cm−2 to develop a cell monolayer.
Fibroblasts were labeled with 25µm CMRA CellTracker Orange (Fisher Scientific, USA) for
30 minutes before being seeded at a concentration of 30,000 cells cm−2 .

3.6.13

Cell encapsulation in collagen hydrogel

Stock collagen solution was diluted to 2.5mg mL−1 using DMEM and the pH was adjusted to
7.4 using NaOH and HEPES buffer such that the final concentration of HEPES was 25mM.
MDA-MB-231 cells were labeled with 25µm of Vybrant CFDA cell tracer kit (ThermoFisher,
USA) for 30 minutes. The cells were then enzymatically dissociated from the culture dish using Trypsin (Corning, NY, USA) for 3-5 min and centrifuged at 150G for 5 min, resuspended,
and counted using an automated cell counter (Countess II, ThermoFisher, USA). The cells
were resuspended in 1mL of DMEM and mixed into the neutralized collagen solution such
that the final concentration of cells was 1E5 cells of solution. The resulting solution was
gently pipetted over the seeded fibroblasts and the channel of the PDMS module and placed
in the incubator to polymerize.

3.6.14

Immunostaining and Imaging

Cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, PA, USA) after
3 hours of seeding. Cells were permeabilized using Triton X-100 (Alfa Aesar, MA, USA)
for 15 min, and blocked with 4% BSA (AAJ64100, VWR, PA, USA) in PBS. Cells were
washed with PBS Tween-20 (PBST) (Thermo Fisher Scientific, MA, USA) after each step.
Cells were labelled with phalloidin conjugated to AlexaFluor-488 (A12379, Thermo Fisher
Scientific, MA, USA) for 30 min (1:400 dilution), followed by Hoechst 33342 (1:500 dilution)
(H3570, Thermo Fisher Scientific, MA, USA) for 10 min to stain actin fibers and cell nuclei
respectively. Lastly, cells were washed with PBST for 15 min, followed by a washing with 1X
PBS for 5 min before imaging. Imaging was carried out using a Leica SP5 confocal microscope
(Leica Microsystems, Germany) using a 40X water objective (HCX PL APO 40x/1.1 W),
and optical zoom of 1.75x. Laser line of 488nm was used to visualize actin stained with
AlexaFluor-488, and reflectance imaging of COL1. 405nm diode laser was used to visualize
Hoechst 33342 labelled nuclei. 15µmthick z-stacks were captured for Hoechst and Phalloidin,
with 115 slices per stack. Collagen was imaged 10µm below the cell surface, to visualize the
underlying fiber alignment without background from the cells. Stacks captured were of
2µm thickness, with 15 slices in each stack. Image channels were merged and projected using
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a maximum projection, and a scale bar added using FIJI (NIH, USA). Full-stack images
were captured in 1µm slices from the coverslip to the top of the collagen hydrogel. Collagen
channels were projected using average projection to reduce noise.

3.6.15

Quantification of fiber alignment

Collagen fiber images z-stacks were flattened using average intensity projection using FIJI.
LOCI CT-FIRE, a curvelet transform-based package was used to identify individual fibers in
the confocal reflectance microscopy (CRM) image[109, 110]. A histogram of fiber orientations
was made, with intervals of 15◦ . The number of fibers that were oriented 15◦ above or below
the mode of the orientation histogram was recorded and divided by the total number of
detected fibers to get the coefficient of anisotropy (CoA). The CoA ranged from 1 (perfectly
aligned) to 0 (complete randomness). CoA > 0.5 was aligned. Actin fiber alignment was
quantified using the OrientationJ plugin for ImageJ.

3.6.16

Data Analysis

To determine the alignment of COL1 fibers in segmented channels, 3 images were captured
in each segment, and 4 independent samples were investigated. In the uniform channels,
3 images were captured in each channel, across 3 independent samples for each shear rate.
Data were analyzed using GraphPad Prism 9.0 (GraphPad Software, CA, USA). One-way
ANOVA was used to determine statistical significance. All data are presented as mean ±
SD, N=3 except where mentioned. p<0.05 was considered to be statistically significant.
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Chapter 4
Future Directions
The previous chapters have investigated a novel approach to engineer 3D collagen matrices
with defined fiber alignment and fiber directionality. In chapter 3, there has been extensive investigation into the development of microfluidic platforms that provide advanced cell
culture capabilities to establish control over the biophysical and biochemical microenvironment. Lastly, this work has also presented a novel and simple approach for layer-by-layer
fabrication of multi-material collagen hydrogels and material interfaces.
The work presented herein can be extended to several arenas of investigating cell-ECM
interactions, ECM engineering, and microfluidic platform development.

4.1

Exploring other ECM materials to build biologically
representative ECM

Collagen I is a major component of the ECM and the most abundant fibrous component of
the ECM. However, other ECM components such as fibrin, laminin, hyaluronic acid, and
fibronectin have been shown to play a critical role in regulating tumor-ECM interactions,
guiding wound healing, and defining the microarchitecture of the ECM. Notably, HA is a
prominent ECM material that is upregulated in the tumor microenvironment, and increases
the stiffness of the surrounding ECM. HA also promotes molecular crowding in the ECM,
resulting in the bundling off collagen fibers and creating heterogenous regions of varying
fiber alignment, density, and stiffness. Similarly, Fibrin a fibrous component that plays a
significant role during wound healing by guiding cell motility. Therefore, incorporating ECM
materials beyond collagen will further expand the relevance of the platforms developed in
this work Figure 4.1.
The work presented in Chapter 2 provided proof-of-concept to integrate blends of collagen and HA into engineered matrices. This concept can be further expanded to introduce
blends of materials such as collagen IV, fibrin, fibronectin and laminins to further recapitu117

Figure 4.1: Common components of the ECM to be explored in the future to recreate tissue
or disease specific matrices.
late tissue specific compositions. Moreover, since our platform provides open access to the
engineered matrix, the resulting matrices can be manipulated with chemical crosslinkers, and
mineralization. A fluidic patterning module, as described in chapter 4, can be used to address specific regions of the resulting hydrogels to induce local changes in stiffness, crosslink
density, and thus recapitulate tissue heterogeneity as observed in vivo .
It is anticipated that this work will open up avenues to engineer, locally manipulate,
and create ECM hydrogels in an accessible manner to recapitulate tissue-specific physical
properties in vitro .

4.2

Investigating the effect of competing cues on cell motility

The cellular microenvironment is a complex milieu of biochemical and biophysical cues (Figure 4.2). Thus, significant effort has been focused towards developing platforms that can
investigate the interactions between dynamic biochemical cues and biophysical cell-matrix
interactions. This work presents an elegant technological platform to investigate competing
biochemical and biophysical cues in an experimentally tractable manner.
Chapter 2 and Chapter 3 have described the development of matrices with engineered
fiber properties and successfully demonstrated modular techniques to provide perfusion over
the engineered matrices. A similar approach can be used to generate a gradient of growth
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Figure 4.2: Schematic showing competing cues in the cellular microenvironment
factors in using channel that is orthogonally aligned to the underlying collagen hydrogel.
This set-up would allow the investigation of cell motility, polarization, and morphology in
response to a chemical gradient within a competing, structured biophysical environment.
Studies in the literature have demonstrated that aligned matrices guide cell motility by
a) limiting protrusions in directions orthogonal to the matrix alignment, and b) providing
energetically favorable paths for cells to migrate through with minimal nuclear or cytoskeletal
deformation. Thus, identifying chemical factors and that can effectively bias cell motility in
aligned environments can be beneficial in providing additional information about the role of
chemical factor concentrations in aligned environments.

4.3

Engineered Gradients in Fiber Alignment

Chapter 2 demonstrated that by gradually reducing the extensional strain rate that is experienced by a self-assembling collagen solution, internal gradient of fiber alignment could be
generated. This approach can be further expanded to generate graded matrices with "alignment gradients". Changing the channel design can directly manipulate the rate at which
the extensional strain rate changes in the collagen flow, thus influencing the distances across
which alignment can be maintained. These matrices can replicate the internal heterogeneity
of tissue architectures observed in vivo (Figure 4.3.
Earlier studies have shown that cell motility is influenced by several cues including chemical gradients (chemotaxis), stiffness gradients (durotaxis), and ligand density gradients (hap119

Figure 4.3: Schematic showing the gradient in collagen fiber alignment.
totaxis). However, gradients in the degree of fiber alignment have not been investigated as
a cell motility (taxis) cue. Using engineered matrices in a modular system will allow for
precise cell or spheroid patterning in along the alignment gradient to investigate cell motility
in response to alignment gradients.

4.4

Investigating the effect of aligned matrices on tumor
cell motility

Aligned collagen fibers are a hallmark of invasive cells in the tumor microenvironment. Previous studies have shown that aligned matrices not only guide motility but also influence
long-range cell communication by transmitting traction forces[154], and promote tumor vascularization[6]. The collagen microengineering techniques presented here can be employed to
recreate matrices with specific degrees of alignment to investigate a) the response of invasive
tumor cells to matrices with graded degrees of alignment (low, medium, or high), and b)
The impact of different degrees of alignment on matrix on tumor-vasculature interactions.
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4.5

Using ultrathin membranes to create tissue barrier
models

in vitro barrier models are of great benefit to study cell-cell communication, drug delivery,
and disease modeling[155]. However, perfectly replicating tissue barriers such as the vascular
endothelial barrier in vitro has been elusive due to the non-physiological thickness of porous
membranes and limited methods to induce endothelial alignment and tight junctions. Preliminary results in Chapter 4 suggest that an ultrathin porous membrane placed on top of an
aligned collagen substrate would allow endothelial cells to sense the underlying aligned fibers
and thus orient in the direction of the alignment. It is thus hypothesized that aligned collagen matrices can be used to supplement shear-based endothelial alignment in microfluidic
systems that seek to recapitulate tissue-vasculature barriers.

4.6

Investigating cell-matrix interactions using ultrathin
membranes as a mask for modulating cell-matrix interactions

Of the many projections which cells extend into their microenvironment, filopodia are shown
to be responsible for ECM sensing and are the first mode of contact for cells with their
surrounding ECM. Carey et al.[57] observed that filopodial growth directed cell migration in
the direction of ECM fiber orientation. Furthermore, it was observed that filopodial growth
and development took place within the first 2 hours of cell seeding and during migration, the
number of filopodia formed fell from 7 to 1 per 30 minutes. Riching et al. also noted that
collagen alignment limited the generation of filopodia and therefore resulted in increased
cell persistence [156]. Similarly, Fraley et al also observed that filopodia were aligned in
the direction of ECM orientation but did not study filopodial growth dynamics [157]. They
however note that fiber topography guided protrusions. It has been hypothesized that the
receptor transport to filopodia tips plays a critical role in a tissue development, endothelial
cell stabilization and embryogenesis. For example, filopodia growth is important in helping
platelets sense exposed basement membrane ECM during pathologies such as thrombosis and
atherosclerosis [158, 159] Literature from research in cell biology has shown that filopodia
express distinct adhesion sites at the tip and the base50. These adhesion sites have been
found to have specific functions, with adhesion along the shaft and tip being more involved
in promoting filopodia stability and filopodial growth. In contrast, since filopodia are the
first contact of a cell with its neighboring ECM, proteins and integrins at the tip might play
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Figure 4.4: Schematic showing the ultrathin porous membrane as a mask for cell-ECM
interactions
an important role in initially sensing the ECM. Using microporous membranes, we can limit
the average number of sites a cell has available to sense collagen alignment and the area over
which filopodia can sense alignment.
Porous membranes combined with aligned collagen matrices can help uncover the dynamics of cell ECM sensing by limiting the number of contact sites and the total area a cell
can probe on the aligned matrix (Figure 4.4. Tuning the pore size, pore arrangement, and
porosity will further allow for controlling filopodia-matrix interactions and enable mechanistic studies to determine the minimum contact area and contact sites a cell needs sense fiber
organization.

4.7

Conclusion

Microfluidic approaches have become increasingly popular in establishing physiologically
relevant in vitro culture models because they can incorporate biomaterials and provide robust
control over microenvironmental cues. Given the importance of COL1 fibers in guiding cell
behavior, several microfluidic attempts have been made to recreate aligned COL1 matrices
in microfluidic systems. However, former approaches using shear flows are generally limited
to surface coatings or thin gels < 50 hickness. Although these surface coatings are useful in
studying 2D cell responses, they cannot be used to encapsulate cells and replicate the 3D
cell-matrix interactions found in vivo.
The first part of this work introduces a user-friendly technology platform that expands
current collagen microengineering capabilities. We demonstrated that COL1 fiber directionality could be controlled by changing the fluid flow path (i.e., opening and closing of access
ports) and fiber anisotropy in our system could be defined by changing the extensional strain
rate using expanding and contracting channel geometries. In addition, both the flow path
and strain rate can be controlled as a function of the channel geometry; therefore, modification of collagen landscapes can be achieved by simply changing the channel design and
experimental flow parameters. The strain-based mechanism used here to create directionally
defined anisotropic collagen matrices can potentially also be used to align other materials
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including fibrin, fibronectin,and elastin to further enhance experimental capabilities of in
vitro cell culture platforms. We could also achieve spatial gradients in the degree of fiber
anisotropy and leverage laminar flows to create defined interfaces between materials. We
further demonstrated a liftoff process to simplify experimental workflows and confirmed that
cells responded to the microengineered collagen landscape.
The second part of this work investigated the role of extensional flow in aligning collagen
fibers using a segmented microfluidic channel design. The fiber alignment extended across 5
mm segments, and the CoA could be tuned as a function of the applied extensional strain
rate within each segment. To access specific aligned domains within each channel segment,
we demonstrated a reversibly sealed channel design that allowed for direct access to the
self-assembled hydrogel. Using magnetic coupling, we reversibly placed functional modules
on top of the aligned COL1 to pattern cells and deposited new ECM layers. We achieved
long-range control over the COL1 fiber alignment, cell seeding, and layer-by-layer ECM
fabrication using desktop equipment for fabrication and simple chemical functionalization.
We anticipate our findings and approach will help customize the microstructure of fibrous
ECM hydrogels to establish more complex physiologically-relevant 3D in vitro models.
Additional modules such as flow channels, soluble factor reservoirs, or sensors can also
be added to tailor the experimental platform to fit a broad range of applications. We believe
that the versatile capabilities provided by our system will be of interest to researchers looking
to recapitulate tissue specific microenvironments in vitro. Anticipated applications include
the investigation of cell motility within micro-engineered gels; exploration of factors that
induce endothelial, nerve, and muscle cell alignment; and studying cell behaviors at defined
multi-material interfaces.
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Appendix A
Detailed Protocols
A.1

Fabricating the two-piece channel and modular platform base

A.1.1

Razor cutting channels from PDMS sheets

1. The microfluidic channel design consists of 5 segments, each decreasing by half in width
to generate extensional flow.
2. Mount a 250µm thick PDMS sheet onto a plastic carrier sheet and razor cut the
microfluidic design.
3. Using an ultrasonic bath, clean the microfluidic channel cutouts for 5 minutes in isopropanol.
4. Rinse the sonicated channels in deionized (DI) water and dry them on a clean hotplate
at 100◦ C for 5 minutes
5. Store the channels in a clean, covered Petri dish until use.
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A.1.2

Fabricating the PDMS cover and surface passivation

1. Purpose: The channel cutout requires a cover that can be placed on top of it to inject
the collagen solution and be removed after the collagen has self-assembled. To minimize
the chances of the collagen in the channel binding to the cover, the cover is passivated
using bovine serum albumin (BSA).
2. The mold design for the PDMS cover is provided as a PDF. The mold must be at
least 2mm in thickness and should have a footprint that is equal to the footprint of
the microfluidic channel.
3. To prepare the mold, laser cut the desired mold shape from a 2.5 mm thick poly(methylmethacrylate)
(PMMA) sheet.
4. Attach the PMMA mold to a 4" silicon wafer using pressure sensitive adhesive.
5. Mix Sylgard 184 in a ratio of 10:1 (base:crosslinker). Mix vigorously for 1 minute to
ensure proper mixing.
6. Degas the PDMS mixture in a vacuum chamber until all air bubbles have been removed.
7. Pour the degassed PDMS solution into the PMMA/silicon mold and cure on a hotplate
at 100◦ C for 20 minutes.
8. Allow the mold to cool, remove the cured PDMS and trim any excess with a razor
blade.
NOTE: Make sure the silicon wafer facing side (flat sides) of the PDMS
covers are facing up throughout all the following steps.
9. Place the channel cutout from the earlier step onto the cover. Use a 1mm diameter biopsy punch to create inlet and outlet holes that correspond to the ends of the
microfluidic channel.
10. Sonicate the cover in IPA for 5 minutes, rinse with DI water, and store in a clean,
covered Petri dish.
11. Place the petri dish in a UV sterilization chamber (uncovered) for 1 minute.
12. Cover and transfer to a biosafety cabinet (BSC).
13. Pipette 300µL of 40mg/mL of bovine serum albumin (BSA) in 1X PBS onto the PDMS
covers and spread the solution evenly using a pipette tip.
14. Place in a refrigerator at 4◦ C for at least 4 hours before use.
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15. Move the covers from the refrigerator into a BSC and wash 5x with 1X PBS and let
them dry in air for 10 minutes. The PDMS covers can be stored in the fridge for up
to 1 week after coating them with BSA.

A.1.3

Glutaraldehyde treatment of coverslips

Purpose: Functionalizing the coverslips with glutaraldehyde covelently bonds collagen to the
coverslip and prevents the matrix from detaching.
1. Prepare the 2% (v/v) APTES solution in a glass beaker by adding 1mL APTES in
49mL of acetone.
2. Dilute the 25% glutaraldehyde solution to 5% in DI water. Make 2 mL of solution for
each 24x50mm coverslip. For 24x24mm or 22x22mm coverslips, make 1 mL of solution
for each.
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A.1.4

Clean the coverslips in bath sonicator for 5 minutes using
IPA.

1. Rinse off the IPA from coverslips using DI water. IPA is completely rinsed when a
smooth film of water can be seen on the coverslip.
2. Dry the coverslips on a lint-free wipe on a hot plate for 5 minutes at 100 ◦ C.
3. Place the dried coverslips into clean petri dishes, ensuring they do not overlap.
4. Using a corona discharge wand, expose the coverslips to a corona discharge for 1 minute
each.
5. Immerse the coverslip into the APTES solution for 10 seconds within 5 minutes of
corona exposure, ensuring the coverslip is submerged. Make sure to keep track of
which side was treated with plasma and keep it facing upwards.
6. Then immerse the coverslip into acetone for 10 seconds and dry with compressed air.
Place the dry coverslip back into the petri dish, treated side facing up.
7. Repeat steps 7-9 for all coverslips.
8. Next, pipette 1mL of glutaraldehyde solution to the surface of each coverslip. Cover
as much of the surface as possible without spilling the solution over the edge. More
glutaraldehyde solution can be added if necessary. You can also shake the petri dish
gently to help spread the solution. Make sure not to scratch the surface with the
pipette tip.
9. Let the coverslips sit with the solution for 30 minutes.
10. Rinse the coverslips in DI water for 20s.
11. Dry the coverslips using compressed air and place them back in the petri dishes, plasma
side up. The coverslips can be stored up to a week.
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A.1.5

Laser cutting the modular base

1. The modular base serves as a well to hold media and can also be used for modular
applications as shown in other publications.
2. Cut out the designs from the PMMA layer using appropriate laser settings such as
laser passes and power. The laser settings should be adjusted such that the magnets
can be press fitted in the PMMA layer.
3. Wash the laser cut part using soap and water to remove any debris from the laser
cutting process.
NOTE: Do not use solvents to clean the laser cut parts. Solvents may result in the
propagation of microcracks in the laser cut edges.

A.1.6

Assembling the platform

1. If modular functionality is desiured, Insert magnets into the laser cut base.
2. Peel off the backing from the base and attach it to a glutaraldehyde coverslip, glutaraldehyde side facing up.
3. Gently place the PDMS channel cutout into the frame, on the glutaraldehyde coverslip.
Press down with wide tip tweezers to remove any air bubbles and ensure conformal
contact.
4. Place the BSA treated channel cover on top of the channel cutout, with the BSA side
facing down. Ensure the fluid inlet and outlet ports are aligned with the channel.
5. The device is ready for injecting collagen.
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A.2

Injecting collagen into the microchannel and removing cover for cell culture

A.2.1

Preparing collagen solution

1. Place all the required reagents (collagen stock solution, ultrapure water, 10X PBS,
0.1M NaOH) on ice in the biosafety cabinet.
2. Calculate the volume of reagents as follows
volume of stock collagen required =

f inal concentration×f inal volume
stock concentration

volume of 0.1M N aOH = 0.13 × volume of stock needed
volume of 10X P BS = 0.1 × f inal volume
volume of ultrapure water = f inal volume − stock − 10X P BS − 0.1M N aOH
3. Add the reagents into an empty 5mL vial in the following order i) collagen stock, ii) DI
water, iii) 10X PBS iv) 0.1M NaOH. Use a displacement pipette to handle the collagen
solution. Significant sample loss may occur if a regular pipette is used, leading to
fluctuations in final solution concentration.
4. Raise the pH of the solution to desired pH.

A.2.2

Injecting the collagen solution

1. Place a syringe pump, chilled sterile syringe, chilled neutralized collagen solution, and
sterile 20G 90◦ bent tip luer lock needle into a biosafety cabinet.
2. Load the collagen solution into the syringe, avoiding the introduction of bubbles.
3. Attach the 90◦ 20G needle tip to the syringe.
4. Load the syringe into the syringe pump, needle facing down, and prime the needle with
the collagen solution.
5. Set the syringe pump to the required flow rate between 50-2000 µL/min.
6. Place prepared PDMS channels on a lab-jack and level with the needle point.
7. Insert the needle into the inlet port of the PDMS channel (wide side).
8. Inject the channel until ∼30µL drop of collagen collects on the outlet side.
9. Lower the lab jack, and gently separate the needle from the newly filled channel
10. Repeat steps 6 through 10 until all channels have been filled with collagen solution
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11. Load the filled channels onto the petri dishes, 2 to a dish, alongside a kim wipe saturated with DI water to prevent dehydration of newly formed collagen gel
12. Place the loaded channels in the incubator for 2 hours before the peel off step.

A.2.3

Peel off and preincubation

1. Expose the polymerized collagen gel by lifting off the PDMS cover using tweezers.
2. Add 650µL of culture media to the well.
3. Leave the devices in the incubator for a minimum of 4 hours.
4. Replace the media again before seeding with cells.

A.2.4

Seeding cells

1. Aspirate the media on the engineered collagen matrix.
2. Place the HUVECs in a T25 flask in the biosafety cabinet after checking for confluency
under microscope.
3. Warm and place trypsin and culture media along with the required number of 5 ml,
10 ml pipettes in the biosafety cabinet.
4. Discard the supernatant in the T25 flask and wash the cells twice with 1x PBS.
5. Add 1 ml trypsin to the flask and place it in the incubator for 3 mins.
6. Checked the flask under the microscope after 3 mins to ensure that the cells are completely detached from the surface.
7. Add 3 ml culture media to the flask for neutralizing the effect of trypsin. Next,transfer
the cell solution using a 5 ml pipette in a 15 ml conical flask.
8. Centrifuge the conical tube containing cells at 150 G for 5 minutes.
9. Place the centrifuged flask in the biosafety cabinet and discard the supernatant without
disturbing the cell pellet formed at the bottom of the flask.
10. Resuspend the cells in 1 ml of fresh culture media.
11. Add and mix 15 µl of trypan blue and 15 µl of resuspended cells solution in a 1 ml
conical flask.
12. Inject the trypan blue and cell solution in both sides of a cell counting slide and insert
the slide into a cell counting device.
148

13. Dilute the cell solution to the required concentration based on the cell concentration
obtained from the cell counting device.
14. Add the required volume of the cell solution on the collagen substrate and let the cells
settle for minimum of of 4 hours before fixing.

A.2.5

Labeling cell nucleus and cytoskeleton

1. Aspirate the media from the cells and wash 3x with 1X PBS.
2. Cover the cell layer with 4% paraformaldehyde for 15 minutes at room temperature.
3. Aspirate the paraformaldehyde and wash with 1X PBS tween-20 for 5 minutes.
4. Permeabilize the cell membrane using 0.1% Triton-X solution in PBS for 15 minutes.
5. Wash with 1PX PBS Tween-20 for 5 minutes.
6. Block non-specific binding sites with 4% BSA in PBS, for 30 minutes at room temperature.
7. Dilute the AlexaFlour-488 Phalloidin solution 400x in 4% BSA.
8. Aspirate the BSA from the cells and add the phalloidin, 30 minutes at room temperature.
9. Dilute Hoechst 33342 500x in 4% BSA, aspirate the phalloidin and add the working
hoechst 33342 solution for 15 minutes and wait 15 minutes at room temperature.
10. Aspirate the hoechst 33342 working solution, wash with PBS tween 20 3x for 5 minutes
each and replace with 1X PBS before imaging.
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A.3

Layer by layer fabrication using a modular approach

A.3.1

Making a PDMS channel to inject the cell-laden hydrogel

1. Attach the layer by layer PDMS module to the module carrier using MP467 double
sided adhesive of an equivalent footprint.
2. Place the module on the collagen matrix. The module can also be placed on the
collagen hydrogel after cells have been growing on the collagen layer.

A.3.2

Making a collagen hydrogel with cells

1. Carry out all the following steps at 4◦ C unless noted otherwise.
2. Dilute 500µL of 6mg/mL collagen stock solution to 3mg/mL using 500µL of cell culture
media.
3. Adjust the pH of the collagen solution to 7.4 using sterile 1M HEPES solution.
4. Resuspend the required cells and add 100µL of cells to the ice cold collagen solution
at the required concentration.
5. Immediately inject the collagen solution using a pipette or syringe into the assembled
device and place in the incubator.
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A.4

Quantifying collagen fiber alignment:

A.4.1

Imaging the collagen fibers:

NOTE: Collagen hydrogels can be imaged using a laser scanning confocal in reflectance
mode. In this protocol, the process for imaging collagen on a Leica TCS SP5 II DMI6000
LSCM is described.
1. Turn on the microscope, 488nm laser at 20% max power.
2. Place the sample on the Z-galvo stage.
3. Focus on the region of interest using the 5X lens via the eyepiece and transmitted light.
4. Record the z-position of the lens and remove the sample from the stage.
5. Switch to a 40X lens and add the appropriate immersion media. In this protocol, a
40x water immersion lens was used.
6. Place back the sample on the stage, and focus in on the region of interest.
7. Set the microscope to detect the reflected light. In this protocol, a PMT was set to
detect the reflected 488nm wavelength with a gain of 800.
8. Set imaging parameters to image size of 1024x1024 with a scan speed of 200Hz, and
optical zoom of 1.75x.
9. Find the focal plane of the coverslip to set a reference point for the z=0 position. The
coverslip can be identified by a saturated reflective signal.
10. Image in the required region. A 2µm z-stack with 0.13µm spacing between each slice
is ideal for further analyses.
11. For quantitative analyses of fiber alignment, capture 3 images in each segment. Depending on the region of interest, images may be captured in other locations.

A.4.2

Quantifying collagen fiber alignment

1. Load the images from the confocal into imageJ.
2. Project each 2µm stack into a single place using the average intensity projection option.
If a larger stack is used, select a 2µm thick section in which the fiber alignment will
be quantified.
3. Add a 25µm scale bar to the images.
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4. Save the images in the .TIFF format.
5. Download the CT-FIRE package from https://eliceirilab.org/software/ctfire/
and follow instructions to install the package.
6. Run CT-FIRE and load the images into CT-FIRE.
7. For quicker processing, check the “parallel processing" option to use multiple CPU
cores.
8. Run CT-FIRE on the images.
9. After the analysis is complete, open the CTFIREout folder in the image folder.
10. Collect all files ending in the name “histANG" and collect them in a new folder.
11. Using the included MATLAB code (COA.m), select the folder containing the histANG
files and run the code.
12. A new CSV file will be created in the selected folder with the coefficients of alignment
for all images.
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A.5

Discussion

Protocols to generate collagen matrices with aligned fibers have been described using magnetic methods, direct application of mechanical strain, and microfluidic techniques. Microfluidic approaches are commonly used to create microphysiological systems because of their well
defined flow and transport characteristics that enable precise control over the biochemical
microenvironment. Since aligned collagen fibers provide key instructive cues during pathophysiological processes such as wound healing, tumor cell invasion, and tissue development,
generating aligned collagen matrices in microfluidic systems is a step towards developing
biologically relevant microphysiological systems.
This protocol provides the ability to fabricate millimeter scale, aligned collagen matrices with regions of defined fiber alignment. To induce alignment, we have used a microfluidic channel with stepwise reductions in width. As a self-assembling collagen solution
flows through the channel at a constant flow rate, the solution flow velocity increases at
the constrictions, resulting in local extensional strain and long-range alignment of the selfassembling collagen fibers. As compared to shear-flow induced fiber alignment, we observed
fiber alignment in channels up to 250µm in thickness, allowing us to create 3D hydrogels
in a microfluidic channel. Since collagen fiber alignment relies upon the extensional strain
rate, a user may modify the provided channel or develop custom channel designs to generate
extensional flow and create collagen matrices of desired size and shape. Additional flexibility
is provided through the soft-lithography free fabrication of the channels, allowing for rapid
prototyping of channel designs.
The modular microfluidic approach presented in this protocol overcomes limitations of
accessing a 3D hydrogel in microchannels. Direct access to the collagen hydrogel is provided
by a two-piece channel wherein the channel cover can be lifted-off to reveal the collagen matrix in the channel. Directly accessing the collagen after polymerization eliminates the need
for cells to be mixed into the collagen precursor solution, which allows a user to manipulate
the collagen precursor solution for extended periods of time at non-physiological pH and low
temperatures. The modular approach can be used to position cells and provide layer-by-layer
biofabrication capabilities. The layer-by-layer approach can be used with biological materials such as fibrin, or composites of collagen, hyaluronic acid, and fibronectin to develop
tissue-specific 3D microenvironments. Custom modules can also be fabricated depending on
experimental needs to provide continuous perfusion, and additional matrix layers. Coupled
with magnetic latching, the modular approach is also well suited to experiments that require
the addition of functionality with time.
We anticipate that this protocol will be of use to researchers seeking to develop tissue
specific ordered microenvironments, and may also be used as a guide to developing modular
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fluidic platforms for fabricating microphysiological systems.
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A.6

Bill of Materials

Name of Material/ Equipment

Company

Catalog

Comments/Description

Number
(High-Purity Silicone Rubber .010" Thick, 6" X 8" Sheet, 55A

McMaster-Carr

87315K62

replacement carrier sheet for graphtec craft ROBO CC330L-20

USCUTTER

GRPCARSHTN

Graphtec CELITE-50

Graphtec

CE LITE-50

Isopropanol

Fisher Scientific

A4154

Clear cast acrylic sheet

McMaster-Carr

8560K181

Sylgard 184

VWR

102092-312

Silicon wafer

University wafer

452

Bovine Serum Albumin (BSA), Fraction V, 98%, Reagent Grade,

VWR

AAJ64100-09

3M (TC) 12X12-6-467MP

DigiKey

3M9726-ND

PBS pH 7.4

Thermo Fisher Scientific

10010049.00

(3-Aminopropyl)triethoxysilane, 99% (APTES)

Sigma Aldrich

440140-100ML

ACETONE ACS REAGENT >=99.5%

Signa Aldrich

179124-4L

Glutaraldehyde 50% in aqueous solution, Reagent Grade,

VWR

VWRV0875-

Durometer)

Alfa Aesar

Packaging=HDPE Bottle, Size=100 mL

100ML

BD-20AC LABORATORY CORONA TREATER

Electro-Technic Products

20x12 H series Laser cutter

Full Spectrum

3/16" dia. x 1/16" thick Nickel Plated Magnet

KJ Magnetics

D31

Nutragen Bovine Atelo Collagen

Advanced BioMatrix

5010-50ML

Sodium Hydroxide, ACS, Packaging=Poly Bottle, Size=500 g

VWR

BDH9292-500G

Pbs (10X), pH 7.4

VWR

70011044.00

Microman® E Single Channel Pipettor, Gilson®, Model M1000E

Gilson

FD10006

20 GAUGE IT SERIES ANGLED DISPENSING TIP

Jensen Global

JG-20-1.0-90

Restek Norm-Ject Plastic Syringe 1mL Luer Slip

Restek

22766.00

Microfluidics Syringe pump

New Era Syringe Pumps

NE-1002X

Invitrogen Trypan Blue Stain (0.4%)

Thermo Fisher Scientific

T10282

Corning® 100 mL Trypsin 10x, 2.5% Trypsin in HBSS [-] calcium, VWR

12051A

45000-666

magnesium, phenol red, Porcine Parvovirus Tested
EGM™-2 Endothelial Cell Growth Medium-2 BulletKit™,

Lonza

CC-3162

Countess II Automated Cell Counter

Thermo Fisher Scientific

AMQAX1000

Phosphate-buffered saline (PBS, 10X), with Triton X-100

Alfa Aesar

J63521

Thermo Scientific Pierce 20X PBS Tween 20

Thermo Fisher Scientific

28352.00

Molecular Probes Alexa Fluor 488 Phalloidin

Thermo Fisher Scientific

A12379

Molecular Probes Hoechst 33342, Trihydrochloride, Trihydrate

Thermo Fisher Scientific

H3570

HEPES (1M)

Thermo Fisher Scientific

15-630-080

CT-FIRE software

University of Wisconsin -

(CC-3156 & CC-4176), Lonza CC-3162, 500 mL

LOCI
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